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ABSTRACT 
 
The early growth of normal faults is typically associated with the development of at-
surface monoclinal folds and the deposition of wedge-shaped syn-rift deposits that 
typically thin and onlap towards these growth structures. This is especially true in salt-
influenced rift basins, where the presence of mechanically-weak, evaporite rich units 
within the pre-rift succession may serve to decouple folded supra-salt strata from faulted 
sub-salt strata, resulting in the formation of extensional forced folds in the overburden. 
However, uncertainties still exist with respect to; (i) the controls of the structural style and 
kinematics of normal fault growth in salt-influenced rifts; (ii) the syn-rift stratigraphic 
response to faulting and folding; and (iii) the along-strike variability of these linked 
structural and stratigraphic relationships in both salt-influenced and non-salt influenced 
extensional settings. To address these outstanding research issues, an integrated 
dataset of three-dimensional seismic reflection and borehole data from the Stavanger 
Fault System (SFS), Egersund Basin, North Sea and field data from the Hadahid Fault 
System (HFS), Suez Rift, Egypt is used.  
The results demonstrate that; (i) the structural style of fault growth in salt-
influenced basins is primary controlled by the pre-rift salt distribution and thickness, and 
that the sub- and supra-salt fault populations initiate and grow as brittle elements of a 
single, geometrically and kinematically coherent structure; (ii) the stratal architecture of 
and facies variations in early syn-rift deposits are controlled by the growth of normal 
faults and extensional forced folding, and changes in base-level; and (iii) the along-strike 
variability in the stratal architecture of and facies variations in early syn-rift deposits are 
influenced by growth folding and faulting, which may vary markedly in time and space at 
both the fault-segment and fault-system scales. 
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CHAPTER 1 
 
1. INTRODUCTION 
 
1.1. RATIONALE 
 
Numerous studies have indicated that the early growth of normal faults is associated with 
the development of forced folds (Allmendinger 1998; Gawthorpe et al. 2000; Jackson et
al. 2006; Schlische 1995; Sharp et al. 2000; Withjack & Calloway 2000). At this time, at-
surface deformation is characterised by a monoclinal growth fold, and loci of maximum 
displacement and subsidence is offset into the proto-hangingwall of the future basin-
bounding fault zone. Sediments deposited at this time display a wedge-shaped cross-
sectional geometry, and typically thin and onlap towards the monocline (Jackson et al. 
2006; Sharp et al. 2000). With increasing strain, these folds are breached and the fault 
becomes a surface-breaking structural feature. Syn-rift sediments deposited during this 
period display a more classic wedge-shaped geometry and thicken towards the 
hangingwall of the basin-bounding fault (Gawthorpe et al. 2000). This process, i.e. 
growth folding followed by surface faulting, is especially true in salt-influenced rift basins, 
where the presence of mechanically-weak, evaporite rich units within the pre-rift 
succession may serve to decouple folded supra-salt strata from faulted sub-salt strata. 
As a result, faulting and folding is an important structural style in both salt-influenced and 
non-salt-influenced rift basins (e.g. Suez Rift, Rhine Graben, northern North Sea), and its 
influence on syn-rift stratigraphy differs markedly from that predicted by the majority of rift 
basin models.   
However, uncertainties still exist as to; (i) the structural style, controls and 
kinematics of normal fault growth in salt-influenced rift basins; (ii) the detailed stratal 
architecture and facies development of early syn-rift deposits and associated response to 
16
various phases of faulting and associated folding; and (iii) the along-strike variability of 
these linked structural and stratigraphic relationships. 
 
1.2. THESIS AIM & OBJECTIVES 
 
The aim of this thesis is to investigate the structural styles associated with normal fault 
growth, its along-strike variability, and its impact on the early syn-rift strata architecture 
and facies development within salt-influenced and non-salt influenced rift basins. 
Specifically, this thesis aims to improve the understanding of; (i) the along-strike 
structural style, the kinematics of normal fault growth, and the main factors controlling the 
structural evolution in salt-influenced rifting; (ii) the detailed early syn-rift stratal 
architecture and facies development in response to normal fault evolution; and (iii) the 
along-strike variability of the structural style and syn-rift stratigraphic response to 
extensional forced folding, and surface-breaking faulting. 
To achieve these aims, an integrated approach is applied using both three-
dimensional (3D) seismic reflection data from the Stavanger Fault System, Egersund 
Basin, North Sea and outcrop data from the Hadahid Fault Block, Suez Rift, Egypt . 
Three case studies are partitioned over these two data sets and designed to address the 
specific aims and objectives of this thesis. These are outlined below. 
 
1.2.1. Subsurface case study – Stavanger Fault System, Egersund Basin, North 
Sea 
 
A 3600 km2, pre-stack time migrated (PSTM), 3D seismic reflection survey, together with 
11 available boreholes (including electric log and cuttings data) from the eastern margin 
of the Egersund Basin is used to analyse the Stavanger Fault System (SFS), a c. 40 km 
long, NNW-SSE striking, WSW-dipping salt-influenced normal fault system.  
17
 Case study (i): The Stavanger Fault System, Egersund Basin, North Sea 
The aim of this case study is to understand the along-strike structural style, the 
kinematics of normal fault growth, and the main factors controlling the structural evolution 
in salt-influenced rifting. 
 
The specific objectives of this case study are to: 
 
? Identify and map key stratal surfaces across the study area and describe the 
geometry, and scale of structures along the SFS;  
? Analyse the along-strike variation in fault throw at sub- and supra-salt stratal 
levels along the SFS, and construct a throw-distinct (T-x) plot to document 
geometric coherence between sub and supra-salt structures; 
? Analyse the three-dimensional variation in throw on key structures along the 
SFS, to document the geometric coherence between sub- and supra-salt 
faults;  
? Calculate and analyse time-thickness (isochron) maps between key mappable 
surfaces to interpret spatial and temporal variations in fault- and fold-related 
subsidence across the SFS; 
? Calculate expansion indices to analyse temporal variations in activity on 
individual normal faults and folds along the SFS; 
? Interpret the influence of pre-rift salt thickness and sub-salt fault throw on the 
structural style and evolution of a basin-bounding, salt-influenced normal fault 
system; 
? Interpret the role salt plays in maintaining kinematic coherence in normal fault 
systems. 
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1.2.2. Outcrop – Hadahid Fault Block, Suez Rift, Egypt 
 
Exceptional, quasi-3D outcrops of early syn-rift stratigraphy from the Hadahid Fault 
Block, eastern Suez Rift, Egypt are used, and form the basis for two separate case 
studies. The first outcrop allows for a detailed study of a c. 2.5 km wide intra-fault block 
graben, the Abura Graben. The second outcrop utilises exposures from along the limb of 
the c. 30 km long Hadahid Fault System (HFS), which forms the western boundary of the 
Hadahid Fault Block. The specific aim and main objectives of case studies (ii) and (iii) 
are outlined below: 
 
Case study (ii): The Abura Graben, eastern Suez Rift, Egypt 
The aim of this case study is to improve the understanding of the detailed early syn-rift 
stratal architecture and facies development in response to normal fault evolution.  
 
The specific objectives of this case study are to: 
 
? Document the detailed early syn-rift sedimentology of the Abura Graben by 
constructing sedimentary logs at 1:25 scale. Interpret sedimentary facies and 
facies association level building blocks, key stratigraphic surfaces and stratal units 
within the early syn-rift succession;  
? Construct detailed geological field maps of rift-related structures using high 
resolution (60 cm resolution) satellite imagery to help correlate stratigraphic 
surfaces and packages, and document thickness variations of key stratal units 
between sedimentary log locations;  
? Reconstruct the early syn-rift tectono-sedimentary evolution of an intra-fault block 
graben (the Abura Graben), by analysing the spatial variation in stratal thickness 
and internal facies architecture with respect to the faults and folds in the study 
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area and interpret the impact of normal fault growth on the detailed stratal 
architecture and facies variation; 
? Determine the relative impact of local fault growth control compared to regional 
controls (i.e. base-level and antecedent drainage). 
 
Case study (iii): The Hadahid Fault System, Suez Rift, Egypt 
The aim of this case study is to improve the understanding of the along-strike variability 
of the structural style and syn-rift stratigraphic response to extensional forced folding, 
and surface-breaking faulting. 
 
The specific objectives of this case study are to: 
 
? Document the detailed sedimentology of the early syn-rift successionby the 
construction of detailed sedimentary logs at 1:25 scale; 
? Generate stratigraphic correlations between sedimentary logs to investigate the 
dip- and strike-orientated variations in stratal architecture of the early syn-rift 
succession; 
? Construct geological field maps of rift-related structures using high resolution (60 
cm resolution) satellite imagery to help correlate stratigraphic surfaces and 
packages along the fault system;  
? Reconstruct the early syn-rift tectono-stratigraphic evolution of three specific 
fault/fold segments along c. 30 km long segmented, block bounding fault system. 
? Interpret the influence of extensional forced folding on the early syn-rift stratal 
architecture and facies development; 
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1.3. THESIS LAYOUT 
 
This thesis comprises six chapters. Chapters 1-2 form the introduction and background 
of this study. Chapters 3-5 form the data-chapters (i.e. case studies) of this thesis and 
deal with specific aims and objectives of this research project. Chapters 3-5 are 
constructed and written as stand-alone journal manuscript(s), which have been published 
and/or have been submitted for publication. Chapter 6 provides a summary of the 
conclusions, based on the results of this research. The appendix contains three 
additional, co-authored published/accepted journal manuscripts.   
 
Chapter 2: Comprises a literature review of; (i) the geodynamics, structure and 
stratigraphy of rift basins; and (ii) the tectono-stratigraphic evolution of rift basins.  
Chapter 3: To improve the understanding of fault growth in salt-influenced settings this 
chapter describes and documents the sub- and supra-salt structural styles and thickness 
of salt along the SFS, Egersund Basin North Sea. It quantifies the along-strike variation 
in throw between sub- and supra-salt structures along the fault system, and documents 
the Mid Jurassic-to-Early Cretaceous tectono-stratigraphic evolution of the fault system. 
Results from this chapter illustrate the structural style of fault growth in salt-influenced 
basins is primary controlled by pre-rift salt distribution and thickness, and that sub- and 
supra-salt fault populations initiate and grow as brittle elements of a single, geometrically 
and kinematically coherent structure.  
 
Chapter 4: To improve the understanding of the detailed stratal architecture and facies 
development early syn-rift deposits, this chapter describes and documents the structural 
style, and detailed stratal architecture and facies distribution of the early syn-rift 
sediments within the Abura Graben, Suez Rift, Egypt. Results from this chapter illustrate 
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how the stratal architecture and facies variations of early syn-rift deposits are controlled 
by the growth of normal faults, and are primarily influenced by variations in base-level 
and tectonic subsidence. 
 
Chapter 5: To improve the understanding of the along-strike variability of the structural 
style and syn-rift stratigraphic response to extensional forced folding, and surface 
faulting. This chapter describes and documents the along-strike variation in structural 
style, stratal architecture and facies distribution along three fault/fold segments along the 
HFS, Suez Rift, Egypt. The results from this chapter illustrate that along-strike, the stratal 
architecture and facies variations of early syn-rift deposits are influenced by the 
processes of extensional forced folding and surface faulting, and timing/style of fault 
growth at both the fault-segment and fault-system scales. 
 
Chapter 6: This chapter presents the main conclusions of the research project, and 
discusses the common themes between the three case studies in the context of a 
broader comparison between salt-influenced and non-salt-influenced extensional 
settings. A brief section on potential future work closes the main body of the thesis.  
 
Appendix: Comprises three published/accepted co-authored journal manuscripts. All 
three of the journal manuscripts are based on additional findings and interpretations 
made during the authors’ postgraduate studies of the Egersund Basin 3D seismic 
reflection survey dataset.  Highlights from this work include; (i) the first deep (i.e. > 2 km) 
sub-surface example of salt diapir lateral-caprock; (ii) the first published example of 
normal fault growth during the deposition of the Late Permian Zechstein Supergroup; and 
(iii) the first published example of local, fault-related along-strike and cross-fault 
variations in salt facies development during Late Permian normal fault growth in the 
North Permian Basin.  
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 The original field logs and maps from the Gulf of Suez outcrops are located on the 
DVD insert at the back of the thesis. Biostratigraphical data used to age stratal units 
within the Egersund Basin seismic survey are located on this DVD insert.  
 
1.4. PUBLICATION/SUBMISSION STATUS AND CONTRIBUTION FROM CO-
AUTHORS 
 
Chapters 3, 4, 5 are presented as stand-alone journal style manuscripts in this thesis, 
and referred to sequentially below as Papers (I), (II) and (III). The author of this thesis is 
the first author on all three manuscripts, and is responsible for all the observations, 
interpretations and discussions presented therein.  
The appendix consists of three published/accepted journal manuscripts, and 
referred to sequentially below as Papers (IV), (V) and (VI). The author of this thesis is 
second author on all three journal manuscripts; Christopher Jackson is the first author.  
 
THESIS
 
PAPER (I): Salt-influenced normal fault growth and forced folding: the Stavanger 
Fault System, North Sea 
 
Co-authors: Matthew M. Lewis, Christopher A.-L. Jackson, Rob L. Gawthorpe 
Status: Published. Journal of Structural Geology, Volume 54, September 2013, 
Pages 156–173 
DOI: 10.1016/j.jsg.2013.07.015 
 
The first author was responsible for analysing and interpreting the seismic and 
borehole data. The co-authors reviewed interpretations, and contributed to the 
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outline and revision of the manuscript prior to submission. This paper was 
reviewed for publication in the Journal of Structural Geology by Bruce Trudgill and 
John Walsh. 
 
PAPER (II): Tectono-sedimentary development of early syn-rift deposits: an 
example from the Abura Graben, Suez Rift, Egypt 
 
Co-authors: Matthew M. Lewis, Christopher A.-L. Jackson, Rob L. Gawthorpe 
Status: Reviewed (minor corrections advised). Basin Research. 
 
The first author was responsible for analysing, interpreting and compiling the field 
outcrop data, including the detailed structural and stratigraphic descriptions. The 
co-authors reviewed interpretations, provided ideas and contributed to the outline 
and revision of the manuscript. Field assistant work was carried out by 
Christopher A.-L. Jackson and Jord De Boer (PhD student, University of Bergen). 
 This paper was reviewed for publication in Basin Research by Rebecca 
Dorsey and Stefan Back. The comments and suggested corrections by the 
reviewers have not been applied to the manuscript version in this thesis. 
 
 
PAPER (III): Stratal architecture and along strike variability of early syn-rift 
deposits: an example from the Hadahid Fault System, Suez Rift, Egypt  
 
Co-authors: Matthew M. Lewis, Christopher A.-L. Jackson, Rob L. Gawthorpe, 
Paul S. Whipp 
Status: Reviewed (minor corrections advised). AAPG Bulletin. 
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The first author was responsible for analysing, interpreting and compiling the field 
outcrop data, including the detailed structural and stratigraphic descriptions. The 
co-authors reviewed interpretations, provided ideas and contributed to the outline 
and revision of the manuscript. Field assistant work was carried out by 
Christopher A.-L. Jackson and Jord De Boer (PhD student, University of Bergen). 
 This paper was reviewed for publication in AAPG Bulletin by Chris Morley 
and Chris Fielding. The comments and suggested corrections by the reviewers 
have not been applied to the manuscript version in this thesis. 
 
APPENDICES
PAPER (IV): Origin of an anhydrite sheath encircling a salt diapir and implications 
for the seismic imaging of steep-sided salt structures, Egersund Basin, Northern 
North Sea 
 
Co-authors: Christopher A.-L. Jackson & Matthew M. Lewis 
Status: Published. Journal of the Geological Society, September 2012, Volume 
169, Pages 593–599. 
DOI: 10.1144/0016-76492011-126 
 
The first author initiated the concept, and the detailed outline and writing of the 
manuscript. The second author was responsible for analysing and interpreting the 
seismic and borehole cutting descriptions data, figure construction and illustration, 
provided ideas and contributed to the outline and revision. This paper was 
reviewed for publication by Ian Davison and Tiago Alves. 
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PAPER (V): Physiography of the NE margin of the Permian Salt Basin: new 
insights from 3D seismic reflection data  
 
Co-authors: Christopher A.-L. Jackson & Matthew M. Lewis 
Status: Published. Journal of the Geological Society, November 2013, Volume 
170, Pages 857–860.  
DOI: 10.1144/jgs2013-026 
 
The first author was responsible for writing and defining the detailed outline of the 
manuscript, reviewed observations and interpretations made by the second 
author. The second author was responsible for interpreting the seismic data, and 
the initial recognition of the physiographical features along the NE-Permian salt 
basin and potential implications for margin evolution. The second author was 
responsible for the illustrations and revised the manuscript prior to submission. 
This paper was reviewed for publication by Tim Needham. 
 
PAPER (VI): Structural style and evolution of a salt-influenced rift basin margin; 
the impact of variations in salt composition and the role of polyphase extension   
 
Co-authors: Christopher A.-L. Jackson & Matthew M. Lewis 
Status: Reviewed (moderate corrections advised). Basin Research 
 
The first author was responsible for writing and defining the detailed outline of the 
manuscript, and reviewed interpretations made by the second author. The second 
author was responsible for interpreting the seismic and borehole data, initiating 
the concept and main rational and arguments for the manuscript, and constructing 
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all of the manuscript illustrations. The second author was originally intended to 
write the manuscript, but could not due to time constraints. 
 This paper was reviewed for publication in Basin Research by Mary Ford 
and Bruce Trudgill. The comments and suggested corrections by the reviewers 
have not been applied to the manuscript version in this thesis.  
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CHAPTER 2
  
2. GEODYNAMICS, STRUCTURE AND STRATIGRAPHY OF RIFT BASINS 
 
The following section is a review of the key concepts and current understanding of fault-
related folding in extensional basins and the linked syn-rift sedimentary response. This 
section is split into two sub-sections; (i) extensional basins; mechanisms and structural 
style, and (ii) tectono-stratigraphic evolution of rift basins.  
 
2.1. EXTENSIONAL BASINS; MECHANISMS AND STRUCTURAL STYLE
 
2.1.1. Mechanisms
 
Rift basins form in areas of crustal extension (e.g. McKenzie 1978; Busby and Ingersoll 
1995; Roberts and Yielding 1994; Allen and Allen 2005), and are accommodated by 
normal faults in the brittle upper crust, and by plastic deformation in the lower crust and 
lithospheric mantle (Kusznir and Ziegler 1992; Allen and Allen 2005). As a consequence, 
rift basins often over-lie thinned crust, yielding negative Bouguer gravity anomalies, high 
heat flows and in some cases, extensive volcanic activity (Allen and Allen 2005). The 
initiation of crustal extension can arise from two end member mechanisms, and are 
classified as either; (i) active, or (ii) passive (Busby and Ingersoll 1995; Allen and Allen 
2005; Fig. 2.1).  
Regardless of the initiation mechanism, in general all rift basins have a distinct 
and predictable structural style. However, a noticeable difference in active rifts is that 
rifting is often preceded by thermal doming resulting in a large intra-formational 
unconformity, e.g. Intra-Aalenian Unconformity, North Sea (Underhill and Partington 
1993).  
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 2.1.2. Structural style  
 
Regionally, rifts are typically characterised by a series of tilted, elongate, grabens and 
half-grabens (Gibbs 1984; Bosworth 1985; McClay and Ellis 1987; Morley 1990; Ravnås 
and Steel 1998; Withjack et al. 2002; Allen and Allen 2005). Faults are typically spaced 
on the order of 20 km, with a systematic variation in spacing, decreasing towards the rift 
axis (Ravnås and Steel 1998), which potentially reflects the change in seismogenic crust 
thickness (e.g. Jackson and Blenkinsop 1997; Scholz and Contreras 1998). Within these 
half-grabens, fault polarity may switch along-axis (McClay et al. 2002; Allen and Allen 
2005; Schlische and Withjack 2009). This switch in polarity has been attributed to two 
different, mechanically based models; (i) the hard-linked, strike-slip, transfer fault model 
(e.g. Lister et al. 1986) and (ii) the soft-linked, accommodation zone model (e.g. Morley 
1994) (Fig. 2.2).   
In addition, major block-bounding fault systems can be in excess of 100 km in 
length, and are often highly segmented and discontinuous along-strike (Stein and 
Barrientos 1985; de Polo et al. 1991; Gawthorpe et al. 1994; Roberts and Gawthorpe 
1995; Roberts 1996). These and other major block-bounding fault systems are highly 
discontinuous along-strike and often display a characteristic ‘zigzag’ geometry in plan-
view, this is well expressed by fault systems in the North Sea and Suez Rift (e.g. Morley 
et al. 1990; Gawthorpe and Hurst 1993; Patton et al. 1994; Morley 1999 and 2002; 
Gawthorpe et al. 2003). 
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2.2. NORMAL FAULT GROWTH AND STRUCTURE  
 
2.2.1.  Fault array evolution 
 
It has long been recognized that extensional fault systems are segmented (e.g. Goguel 
1952). However, through a combination of field, subsurface and analogue modelling they 
have been widely shown to originate through a progressive, step-like process of 
nucleation, followed by interaction, and linkage (Peacock and Sanderson 1991 and 1996; 
Anders and Schlische 1994; Trudgill and Cartwright 1994; Cartwright et al. 1995; Childs 
et al. 1995; Gupta et al. 1998; Gawthorpe and Leeder 2000; Cowie et al. 2000; Dawers 
and Underhill 2000) (Fig. 2.3). However, the process by which normal fault arrays evolve, 
i.e. initiate, propagate and link broadly falls into two models, and is generally ascribed to 
either the (i) “isolated” or (ii) “coherent” fault models (e.g. Walsh et al. 2003; Jackson and 
Rotevatn 2013) (Fig. 2.4). The principle difference between the dynamics of the two 
models is that in the coherent model, fault arrays are envisaged to rapidly attain their 
near-final lengths early in their growth history, with subsequent displacement accrued 
without a significant further increase in length; this style of fault growth contrasts with the 
isolated fault model, which predicts that fault slip is associated with incremental 
increases in fault length. Moreover, the understanding of this process is important as it 
has as a primary control on the architecture of hangingwall depocentre development (i.e. 
Schlische and Anders 1996; Cowie et al. 2000). 
To date, most studies have either explicitly or implicitly inferred the isolated fault 
model (e.g. Cartwright et al. 1995 and Mansfield and Cartwright 2001; Schlische and 
Anders 1996; Baudon and Cartwright 2008). Although some studies (Walsh et al. 2002, 
Walsh et al. 2003 and Giba et al. 2012) have argued that the coherent fault model may 
be the dominant mode of normal fault growth in many extensional settings.   
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2.2.2. Fault related folding
 
Folds are classically associated with tectonic compression, transpression, gravity, and 
halokinesis. However, numerous folds and flexures of all scale ranges are also present in 
extensional domains (Patton 1984; Withjack et al. 1990; Schlische 1995; Janecke et al. 
1998; Sharp et al. 2000; Corfield and Sharp 2000; Khalil and McClay 2002; Willsey et al. 
2002; Jackson et al. 2006) (Fig. 2.5). The majority of folds in extensional tectonic 
environments are directly associated with variance in displacement along normal fault 
systems, and can be classified into two broad categories; (i) fault-parallel and (ii) fault-
normal folds (Fig. 2.5). Firstly, fault-normal folds such as transverse hangingwall 
synclines and anticlines form at displacement maxima at segment centres and minima at 
segment boundaries respectively (e.g. Schlische 1995). Secondly, fault-parallel folds, 
which form due to ductile deformation ahead of a propagating/restricted fault-tip. These 
structures are termed as either ‘fault propagation folds’ or ‘forced folds’ in literature, and 
are commonly preserved as monoclines in the footwall of normal faults, above a blind 
fault tip (Withjack et al. 1990; Gawthorpe and Leeder 2000; Sharp et al. 2000; Withjack 
and Callaway 2000; Corfield and Sharp 2000; Khalil and McClay 2002; Willsey et al. 
2002; Jackson et al. 2006) (Figs 2.5 and 2.6). 
For the purpose of this thesis, a focus will be placed on forced folding, with a 
review of their structural style and processes, how variations in mechanical stratigraphy 
can influence their development, and finally what the response on syn-rift architecture is. 
Moreover, the use of the term ‘forced fold’ rather than ‘fault-propagation fold’ is used to 
maintain consistency in terms through this thesis.   
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2.2.3. Forced folding
 
Research on the geometry, kinematics and mechanics of folding in contractional settings 
has lead to an improved understanding of faulting and associated folding in those 
settings. However, over the last 20 years, studies have shown forced folding in 
extensional settings to be more significant and widespread than previously recognised 
(e.g. Withjack et al. 1989 and 1990; Schlische 1995; Gawthorpe et al. 1997; Janecke et
al. 1998; Hardy and McClay 1999; Pascoe et al. 1999; Sharp et al. 2000; Withjack and 
Callaway 2000; Khalil and McClay 2002; Ford et al. 2007; Kane et al. 2010; Lewis et al. 
2013). This advance in understanding of extensional systems has enabled further insight 
into previously problematic observations, such as; (i) structural geometries; large normal 
faults, including overturned bedding, local reverse faulting, and (ii) sedimentological 
architecture; such as onlap and intra-formational unconformities toward the buried faults, 
and divergence into adjacent growth synclines (e.g. Sharp et al. 2000).  
 
Structural style and processes  
Forced folds are related to deformation of overlying strata beyond the tip-line on steeply 
dipping (> 60°) upward-propagating, dip-slip, normal faults; this results in the 
development of a broad, upward-widening monocline (e.g. Gawthorpe et al. 1997, 
Corfield and Sharp 2000; Sharp et al. 2000; Khalil and McClay 2002) (Fig. 2.6A). This 
extension and folding during fault-propagation is largely accommodated by normal and 
reverse upward-steepening secondary faults that propagated away from the master fault, 
and layer-parallel slip.  
Upon further slip, secondary normal and reverse faults propagated through to the 
surface, followed by the master normal fault, leaving most of the steeply dipping beds 
and secondary faults in the hangingwall, and a relatively un-deformed footwall. Where 
the fault breaches the Earth’s free surface, it is expressed as a discrete at surface break, 
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which laterally grades into a monocline, resulting from a perturbation in displacement 
gradient (Jackson and Leeder 1994; Cartwright et al. 1995) (Figs 2.6 and 2.9). Surface 
folds can influence local topography around near surface faults, which in-turn controls 
patterns of erosion and deposition of syn-tectonic sediments (e.g. Jackson and Leeder 
1994; Gawthorpe et al. 1994; Gawthorpe et al. 1997; Gupta et al. 1998; Sharp et al. 
2000).  
Influence of mechanical stratigraphy – multilayered systems  
The process of deformation above a propagating fault tip during monoclonal growth 
varies primarily as a function of the mechanical properties of the rocks involved in the 
deformation (mechanical stratigraphy; Erickson 1996; Dominic and McConell 1994), and 
the active stress field (Jamison 1992; King and Yielding 1984). For this reason, within 
multilayer sequences (e.g. interbedded sandstones and shales) the style of deformation 
(i.e. brittle vs. ductile) around the tip of a propagating normal fault either by the 
processes of faulting (i.e. brittle deformation), or folding (i.e. ductile deformation) (Fig. 
2.6). The process of layer parallel slip at the interfaces of mechanically weaker units (e.g. 
evaporitic or mudstone units) in a multilayered cover has also been shown 
experimentally to cause greater distribution of the extensional strain around the upward-
propagating fault, thereby increasing the zone of flexural deformation around it (e.g. 
Patton et al. 1998: Withjack et al. 1990). This is especially the case in the presence of 
evaporite units (e.g. Withjack et al. 1989 and 1990; Pascoe et al. 1999; Withjack and 
Calloway 2000) (Figs 2.6 and 2.7).  
Numerous field and modelling examples which support this lithologic control on 
the style and magnitude of deformation have been made (e.g. Fodor et al. 2005: Ford et
al. 2007: Gross et al. 1997: Jackson et al. 2006; Withjack et al. 1989 and 1990). For the 
purpose of this study, where multilayered systems with a significant evaporite sequence 
are considered, the geometry of the forced folds and secondary faulting patterns, have 
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been shown to have a strong dependence on five key parameters; (i) evaporite 
thickness, (ii) overburden thickness, (iii) cohesive strength and ductility of the 
overburden, (iv) fault displacement, and (v) fault displacement Rate or evaporite viscosity 
(Koyi et al. 1993; Stewart et al. 1996 and 1997; Withjack and Callaway 2000) (Fig. 2.7). 
One of the most illustrative parameters, highlighted by Stewart et al. (1996 and 1997) is 
the displacement ratio (Dr), as it adopts several geological controls (i.e. salt thickness, Tv, 
and vertical displacement, D), that can vary both temporally and spatially. The 
displacement ratio is defined as, Dr = Tv /D, such that Dr = < 1 most likely represents a 
hard-linked system (Koyi et al. 1993; Jackson and Vendeville 1994; Stewart et al. 1996 
and 1997), Dr = > 1 represents a decoupled system and Dr = 1 is associated with a soft-
linked system (Stewart et al. 1996). These parameters provide a good framework for 
helping to understand deformation patterns associated with the development of forced 
folds.  
However, these parameters are still derived from mechanical modelling 
experiments, where potential inhomogeneities in the geologic realm have not been 
incorporated, such as; multiple master/normal faults, listric master faults, multiple salt 
layers, independent halokinesis, footwall tilting and uplift, compaction, each of which in 
turn may have a significant effect on their structural style and development. In a wider 
context, to date, the impact of spatial variations in lithology (i.e. evaporites or mudstone 
units), controlling the three-dimensional fold geometry and distribution of secondary 
structures has also received little attention compared with two-dimensional examples.  
 
Sedimentary response  
The sedimentary response to forced folds differs significantly from those predicted 
adjacent to large normal faults in extensional settings (e.g. Gawthorpe et al. 1997). The 
analysis of sediment facies, geometry and architecture adjacent to these structures can 
provide unique insights into early fault growth and style. In cross section, individual 
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depositional sequences are characterized by onlap and intra-formational unconformities 
toward the buried faults, and show divergence into in adjacent growth synclines (e.g. 
Gawthorpe et al. 1997; Gupta et al. 1999; Dawers and Underhill 2000; Corfield and 
Sharp 2000) (Fig. 2.8). Further fault movement, and progressive rotation of syn-rift strata, 
produces upward-widening growth-syncline geometry in the immediate proto-hangingwall 
of the fault. In conjunction with this, large-scale slope failure and slump features within 
individual packages may also relate to this same process of progressive tilting and slope 
over-steepening (e.g. Sharp et al. 2000) (Fig. 2.8). Along strike, variations in dip of both 
pre-and syn-rift units, is closely related to their position along individual fault segments, 
where maximum tilt characterizes zones of high displacement at fold and/or fault 
segment centres, and no tilt occurs beyond fault tips in transfer zones. It is also noted 
that where fault segments are highly curved (concave) in plan view, secondary high-
angle normal to reverse faults and associated folds develop. The result of these 
secondary structures can cause a notable effect on coeval sediment dispersal and 
stacking patterns on a local scale (Sharp et al. 2000). 
During the latter stages of fault growth, continued fault slip and eventual fold 
breaching results in the formation of a half-graben depocentre and deposition of a stratal 
wedge that thickens into the basin-bounding fault (Gawthorpe et al. 1997). Because 
individual fault segments, and at a larger-scale, fault systems display along-strike 
variations in throw and have plunging upper-tips, both of these tectono-stratigraphic 
styles may occur simultaneously along a single fault segment (Gawthorpe et al. 1997; 
Corfield & Sharp 2000) (Fig. 2.9). However, the principle publication illustrating this 
process (i.e. Fig. 2.9) (Gawthorpe et al. 1997) is misleading, and is most likely an 
inaccurate representation of the stratal architecture and facies distribution developed in 
response to this process. For example, in the foreground cross-section of Fig 2.9, the 
entirety of the syn-rift interval is shown to thicken and diverge in to the surface-breaking 
fault segment – i.e. the process of surface folding followed by surface-breaking faulting is 
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absent in this location. In addition, within the lowermost syn-rift stratal package, 
shoreface sandstones are shown to develop adjacent to the surface-breaking portion of 
the fault/fold and pass along-strike into offshore mudstone facies toward the faults lateral 
tip-line. This is counter intuitive, as the more distal, finer grained shallow marine facies 
would be more likely expected to develop in areas of relatively higher accommodation 
(i.e. where the fault is surface breaking), not towards the lateral tip-line of the fault (e.g. 
Gawthorpe et al. 1994).    
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2.3. TECTONO-STRATIGRAPHIC EVOLUTION OF EXTENSIONAL BASINS 
  
The tectono-stratigraphic evolution of extensional basins can be broadly described into 
two stages; (i) rift initiation, and (ii) rift climax (Fig. 2.10; Fig. 2.11) sensu Prosser (1993).  
 
Rift initiation  
In the early stages of rifting, the basin geometry is typically controlled by numerous short 
(c. < 5 km), low displacement (c. < 200 m), isolated normal faults, with localised 
depocentres developed adjacent to fault displacement maxima (Gupta et al. 1998; Davis 
et al. 2000; Dawers and Underhill 2000). At this time, syn-rift deposits typically occur in 
relatively thin (c. < 150 m), wedge shaped packages that are geometrically distinct from 
the broadly tabular stratigraphic packages that characterise the underlying pre-rift 
succession (e.g. Prosser 1993; Gawthorpe et al. 1997; Corfield and Sharp 2000; 
Gawthorpe and Leeder 2000; Sharp et al. 2000). In addition, during the early stage of 
rifting, the volume of sediment supplied to the basin may match the rate of 
accommodation development and, as a consequence, limited intra-basin relief may 
develop, meaning that pre-existing relief and antecedent drainage systems may 
dominate sediment dispersal and facies distribution at this time (e.g. Ravnås and 
Bondevik 1997; Ravnås et al. 1997; Dawers and Underhill 2000; Davies et al. 2000; 
Trudgill 2002; Jackson et al. 2006; Ford et al. 2013). Furthermore, the diminished 
tectonic control on deposition during early rifting may result in the stratigraphic 
development of early syn-rift deposits being more strongly influenced by factors such as 
regional (eustatic) sea-level fluctuations (Gawthorpe et al. 1994; Gawthorpe and Leeder 
2000), climate (Leeder et al. 1998), and the pre-existing depositional environment 
(Prosser 1993; Leeder and Gawthorpe 1987; Alves et al. 2002). 
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Rift climax
During the later stages of rifting, the process of fault interaction and linkage leads to 
concentration of deformation along a limited number of major faults (c. 20-30 km long 
and c. 2-5 km throw); this produces the characteristic graben and half graben structural 
style associated with rift basins (e.g. Gupta et al. 1998; Ravnås and Steel 1998; 
Gawthorpe and Leeder 2000; Allen and Allen 2005). This strain localisation causes many 
of the earlier fault segments to become inactive, leading to the passive in-filling, and 
incision of remnant hangingwall depocentres and footwall highs respectively. During this 
stage, displacement rates are often higher than in the initiation stage; as a consequence 
accommodation generation overtakes sediment supply (e.g. Prosser 1993), resulting in 
positive basin topography and markedly affected facies distributions (Gawthorpe et al. 
1994). For example, within a subsiding half graben, its typical asymmetrical geometry 
leads to variable slope topography, and differences in accommodation, with a gentle, low 
accommodation hangingwall dip-slope and the steep, high accommodation footwall 
scarp slope (Leeder and Gawthorpe 1987; Prosser 1993; Gawthorpe and Leeder 2000). 
During the rift climax stage, antecedent drainage patterns may persist, however at 
this time they are most likely to act either axially or transversely; depending on the 
relative topographic influence of local features, and rate of sediment supply. Axial 
systems commonly consist of relatively large fluvio-deltaic or turbidite systems whilst 
transverse systems consist of relatively small antecedent systems, or locally derived 
hangingwall and footwall-derived alluvial fans, deltas and shorelines (Ravnås and Steel 
1998; Leeder and Gawthorpe 1987; Gawthorpe and Leeder 2000). However the 
proximity of a fault bounded sub-basin to the margin can also be an important factor on 
sediment provenance and consequent infill, as sub-basins immediate to the hinterlands 
can act to capture extra-basinal sediments, starving more distal parts of the rift (Mack et
al. 2006; Leeder et al. 1991), In these starved distal settings, isolated from external 
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sediments, deposits are almost exclusively locally derived or fine grained turbidites/ 
hemipelagic suspension fallout (Gawthorpe and Leeder 2000). 
 As a result of this characteristic tectono-stratigraphic pattern, which is typical of 
many rifts, our understanding of the detailed (i.e. sub-seismic scale) tectono-stratigraphic 
evolution of early syn-rift deposits is poor compared to that of the late syn-rift deposits, 
which are typically thicker, more aerially extensive, better exposed in the field, and 
sampled by seismic and borehole data in the subsurface.  
 
2.4. LITERATURE REVIEW – KEY UNCERTAINTIES  
 
To date the majority of studies are based on either; seismic reflection and borehole data, 
which typically lack the required vertical and spatial (i.e. < 30 m) resolution to accurately 
constrain the detailed stratigraphic architecture of and facies distribution within the early 
syn-rift succession; scaled physical models that cannot explicitly capture geological 
heterogeneities; or largely two-dimensional, field-based data sets, which do not allow a 
detailed interrogation of along-strike variations in faulting, forced folding and syn-rift 
stratal architecture and facies development. As a result, specific uncertainties still exist 
as to; (i) the structural style, controlling parameters and kinematics of normal fault 
growth/forced folding in salt-influenced settings; (ii) the detailed stratal architecture and 
facies development of early syn-rift deposits and the impact of faulting and associated 
folding during the early stages of rifting; and (iii) the along-strike variability of the linked 
structural and stratigraphic relationships typically associated to early normal fault-growth 
(e.g. Fig. 2.9).  
 
2.5. FIGURES
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Fig. 2.1: ‘Passive’ and ‘Active’ models of rifting. (A) Passive rifting occurs in response to far-field tensile force 
causing thinning of the lithosphere and passive upwelling of the athenosphere. (B) Active rifting results from 
the impingement of a mantle plume on the base of the lithosphere, with extension of the lithosphere a 
gravitational response to the resulting dynamic topography. From Allen and Allen (2005)
Fig. 2.2: Conceptual models of displacement transfer and gross structural styles in rift systems. (A) Synoptic 
model of a low-strain intra-continental rift with along-axis segmentation. Individual half grabens are 
separated by soft-linked accommodation zones formed by overlapping fault segments. (B) Synoptic model 
of hard-linked, strike-slip, rift transfer-fault system. Re-drawn from McClay et al. 2002.
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Fig. 2.3: Schematic model of fault growth by segment linkage. Three fault segments link over time to form 
one through going border fault zone; defined by three stages (A) Fault initiation, (B) interaction and linkage, 
(C) through-going fault zone. This defines rift-initiation through to rift-climax (redrawn from Gawthorpe and 
Leeder, 2000).
Fig. 2.4 (over page): Conceptual models for the development of normal fault systems. (A) The isolated fault 
model (e.g. Cartwright et al. 1995); and (B) the coherent fault model (e.g. Walsh et al. 2003). T-z plots 
illustrate the key geometrical and evolutionary aspects of each fault growth model. Note the black arrows in 
the strike projections show the expression of the fault at specified structural levels in plan view. Tmax = throw 
maximum. T1-T3 = time intervals. From Jackson and Rotevatn (2013). 
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Fig. 2.5: Fault related folding in extensional settings. Fault-parallel folds develop in response to the lateral 
and vertical propagation of fault-tips. Fault-perpendicular folds (transverse folds) develop in response to 
along-strike displacement variation. Modified from Larsen (1988), Trudgill and Cartwright (1994), and 
Schlische (1995).
Fig. 2.6: Extensional forced folding. Cross sections through scaled-analogue mechanical models (left) and 
geometrically equivalent trishear kinematic models (right). (A) Forced folding above a propagating normal 
fault, during the earliest stages of normal fault growth. (B) Surface-braking fault develops during further 
fault-slip and upwards propagation of the fault-tip. Within the cover, high-angle to locally reverse secondary 
faults and fractures develop. From Withjack et al. (1990). 
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Fig. 2.7: Schematic diagrams illustrating the relationship between the style of sub- and supra-salt fault 
linkage and the displacement ratio (Dr). (A) Forced, when the sub-salt fault offset is low relative to the salt 
thickness prior to fault growth (i.e. Dr >> 1), a broad basinward dipping monocline is formed in the overlying 
supra-salt strata. (B) Soft-linked, when initial salt thickness is greater than the sub-salt fault throw (i.e. Dr > 
1), note in this scenario fault throw in the sub- and supra-salt sequences are balanced, such that basement 
and cover fault segments are linked via a ductile detachment. (C) Hard-linked, when sub-salt fault throw is 
greater than initial salt thickness (i.e. Dr < 1), a hard-linked, through-going fault is formed. Re-drawn from 
Stewart et al. (1996), and modified from Richardson et al. (2005).
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Fig. 2.8: Sketch sections and interpretation of the tectono-stratigraphic development of the rift initiation Abu 
Zenima, Nukhul and Lower Rudies formations above and adjacent to an upwardly-propagating blind fault tip; 
the Baba-Sidri fault zone, El-Qaa fault block, Suez rift. Modified from Sharp et al. (2000). Colours are 
consistent to those in Chapter 5.
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Fig. 2.9: Schematic diagram of strike variability in structural and stratigraphic style along a normal fault 
segment. Transition along-strike from syn-rift strata which thin and onlap towards the monocline limb, to a 
surface breaking fault where syn-rift strata thicken and diverge towards the fault. Note, this along-strike 
stratal relationship is inferred from a single two-dimensional outcrop section, and not directly observed 
along-strike in the field. Modified from Gawthorpe et al. (1997).
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Fig. 2.10: Tectono-sedimentary evolution of a normal fault array (coastal/marine environments); initiation 
stage. Early formed fault segments and growth folds form low-lying topography and define numerous 
isolated depocentres partially linked at highstands of sea level to form shallow, elongate marine gulfs and 
lakes. Antecedent drainage locally modified by the evolving fault and fold topography, forms major sediment 
transport pathways. These early syn-rift depocentres display a marked variation in sedimentary fill, 
depending on their position with respect to sea level, sediment sources and the relationship between 
topography and sea level. From Gawthorpe and Leeder (2000).
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Fig. 2.11: Tectono-sedimentary evolution of a normal fault array (coastal/marine environments); 
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CHAPTER 3
 
3. SALT-INFLUENCED NORMAL FAULT GROWTH AND FORCED FOLDING: THE 
STAVANGER FAULT SYSTEM, NORTH SEA 
 
3.1. INTRODUCTION 
 
In extensional systems, salt layers can act as intra-stratal detachments that serve to 
decouple sub- and supra-salt deformation, typically resulting in the development of 
structural styles that differ significantly from those developed in fully brittle systems 
(Nalpas and Brun 1993; Jackson and Vendeville 1994; Stewart et al. 1996 and 1997; 
Alves et al. 2002; Richardson et al. 2005; Kane et al. 2010; Marsh et al. 2010; Duffy et al. 
2012; Wilson et al. 2013). For example, due to the decoupling effect of salt, supra-salt 
monoclines or ‘forced folds’ (sensu Stearns 1978) and cover-restricted, gravity-driven 
extensional deformation may be especially common in salt-influenced extensional 
systems during the initial stages of stretching (Withjack et al. 1989 and 1990; Stewart et
al. 1996; Pascoe et al. 1999; Richardson et al. 2005; Ford et al. 2007) (Fig. 3.1). The 
degree of coupling between sub- and supra-salt deformation is related to five key 
parameters; (i) evaporite thickness, (ii) overburden thickness, (iii) the cohesive strength 
and ductility of the overburden, (iv) total fault displacement, and (v) fault displacement 
rate or evaporite viscosity (Koyi et al. 1993; Stewart et al. 1996 and 1997; Withjack and 
Callaway 2000). The combined effect of these parameters is captured in the
‘displacement ratio’ (Dr), which is defined as the ratio of salt thickness (Tv) to sub-salt 
fault displacement (D) (Dr = Tv / D). This ratio thus incorporates several geological 
controls on fault growth (i.e. Tv and D), which can vary both temporally and spatially 
during extension (Koyi et al. 1993) (Fig. 3.1). When Dr = < 1, a hard-linked or coupled 
system typically forms, whereas when Dr = > 1, a soft-linked or decoupled system forms 
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(Koyi et al. 1993; Jackson and Vendeville 1994; Stewart et al. 1996 and 1997). Dr thus 
provides a dimensionless parameter that can help to understand the style of deformation 
associated with the growth of salt-influenced normal faults. However, the current 
understanding of the range of values that underpin Dr are largely derived from scaled 
physical models that cannot explicitly capture the geological heterogeneities that occur in 
nature, such as multiple sub-salt faults, multiple rifting episodes and/or spatial variations 
in salt thickness; thus, natural examples of how Dr and the underlying geological controls 
vary, and how these may control the three-dimensional geometry and evolution of salt-
influenced normal fault systems are currently lacking (Withjack and Callaway 2000).
An important additional aspect of salt-influenced normal fault growth is the degree 
of geometric and kinematic coherence that may exist between sub- and supra-salt fault 
populations. For example, seismic reflection (Stewart et al. 1996) and field-based (Childs 
et al. 1995; Huggins et al. 1995; Childs et al. 1996; Walsh et al. 1999 and 2003) studies 
indicate that apparently isolated fault segments, which are vertically separated by salt or 
mudstone, can be regarded as a single fault surface composed of brittle and ductile
portions, i.e. soft-linked (Stewart et al. 1996) (Fig. 3.1B). An important observation from 
the field-based studies, where detailed micro- and meso-scale observations can be 
made, is that strain in ductile portions of segmented fault systems is accommodated by 
sub-seismic deformation that, most critically, allows geometric and kinematic coherence 
to be maintained between structures that, at least in two-dimensions, appear physically 
disconnected. Furthermore, these field examples indicate that geometric and kinematic 
coherence can occur and be maintained over relatively short length-scales (10-2-101 m), 
and that they are typically associated with lateral or vertical bifurcation of the tip-lines in
relatively small structures, i.e. < 1 m throw (Childs et al. 1996). Recent seismic-based 
studies have demonstrated kinematic coherence can be maintained over much larger 
scales, i.e. 101-102 m (Long and Imber 2010; Giba et al. 2012). However, it is unknown if 
kinematic coherence can be maintained over significantly longer length-scales, 102-103 
50
m, and how this may impact the growth and geometry of large-throw, > 500 m, salt-
influenced normal fault systems (Fig. 3.1).  
The two primary aims of this study are to investigate; (i) the influence of pre-rift 
salt thickness (Tv) and sub-salt fault throw (T) on the structural style and evolution of a 
basin-bounding, salt-influenced normal fault system; and (ii) the role salt plays in 
maintaining kinematic coherence (sensu Walsh and Watterson 1991) in normal fault 
systems. To achieve these aims a high-quality, borehole-calibrated, 3D seismic reflection 
dataset is used from the Stavanger Fault System (SFS), Egersund Basin, eastern North 
Sea (Fig. 3.2). This study demonstrates that; (i) pre-rift salt distribution (Tv), specifically 
its presence in the proto-footwall, i.e. when Tv > 0, is the primary control on partitioning of 
faulting and folding along the fault system, and the style of linkage (i.e. hard- or soft-
linkage) between sub- and supra-salt fault populations; and (ii) that sub- and supra-salt 
fault populations represent brittle elements of single, geometrically and kinematically 
coherent structural system, the geometry and evolution of which was controlled by 
ductile translation of strain on a scale, up to 8 km, and duration, c. 65 Myr, that is 
significantly greater than previously documented (Childs et al. 1995 and 1996; Huggins 
et al. 1995; Walsh et al. 1999 and 2003). Furthermore, this study demonstrates that the 
geological parameters underpinning Dr are spatially variable over relatively short length 
scales (< 10 km), and that future physical and numerical models should attempt to 
capture this complexity. 
 
3.2. GEOLOGICAL SETTING 
 
3.2.1. The North Sea 
 
The North Sea rift system, forms a failed arm of the Arctic-North Atlantic rift system, and 
overlies the plates of three ancient continents, Avalonia, Laurentia and Baltica that 
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collided in the Palaeozoic during the Caledonian Orogeny (Lyngsie et al. 2006). Since 
the Caledonian Orogeny, three major tectonic events have influenced the region: (i) 
Carboniferous to Permian rifting and basin formation, coeval with the Variscan Orogeny, 
(ii) Mesozoic rifting and formation of the trilete North Sea graben system (comprising the 
Viking Graben, Moray Firth Basin and the Central Graben), and (iii) Late Cretaceous to 
Early Tertiary inversion.  
In detail, crustal thinning during the late Carboniferous to Early Permian 
extensional event led to formation and subsidence of the North and South Permian 
Basins (e.g. Coward 1993). At this time, the South Viking Graben formed a major 
embayment at the northern margin of the North Permian Basin and was characterised 
widespread deposition of continental and evaporitic stratigraphic units; including across 
to the Egersund Basin at the NE margin of the basin (e.g. Williams 1993; Clark et al. 
1998; Lyngsie et al. 2006; Jackson and Lewis 2013).  
During the Early Jurassic (Toarcian-Aalenian) impingement of a mantle plume at 
the base of the lithosphere resulted in the regional thermal uplift across The North Sea, 
and formation of the Mid North Sea Dome. This uplift event preceded active rifting across 
the region (e.g. Ziegler 1990; Underhill and Partington 1993; Davies et al. 1999; Coward 
et al. 2003). The subsequent, major phase of rifting during the Middle to Late Jurassic 
led to linkage of the Arctic and Central Atlantic rift systems and development of a triple 
junction between the Viking Graben, Moray Firth Basin and Central North Sea Basin. 
Models for the development of the triple junction fall into two broad categories; (i) single-
phase opening with a constant regional extension direction (e.g. Roberts et al. 1990; 
Bartholomew et al. 1993) and (ii) multi-phase model, with a progressive migration in 
regional extension direction (e.g. Erratt et al. 1999; Davies et al. 2001). During the Early 
to Middle Cretaceous rifting migrated to the site of the proto-North Atlantic Rift, and 
extension effectively ceased in the North Sea by the mid-Cretaceous (e.g. Williams 1993; 
Erratt et al. 1999; Coward et al. 2003). The location of the Mesozoic North Sea rift 
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system is interpreted to be partly controlled by basement lineaments, including the suture 
zones between the three underlying continental plates (e.g. Bartholomew et al. 1993; 
Erratt et al. 1999; Zanella and Coward 2003; Lyngsie et al. 2006).  
Late Campanian inversion is recorded regionally and linked to compressional 
stress related to the Alpine Orogeny (Erratt et al. 1999; Lyngsie et al. 2006). The Atlantic 
rift zone achieved crustal separation by the Early Tertiary, by which time the North Sea 
rift system had become a thermally-driven ‘sag’ basin, in which regional thermal 
subsidence was disturbed by localised reactivation of salt-cored structures (Ziegler 1975; 
Erratt 1999; Lyngsie et al. 2006).  
 
3.2.2. The Egersund Basin and SFS 
 
The formation and evolution of the Egersund Basin and the SFS has been controlled by 
three key tectonic events; (i) Permo-Triassic rifting, (ii) Middle Jurassic-to-Early 
Cretaceous rifting, (iii) and Late Cretaceous inversion (Fig. 3.3). These three events are 
discussed briefly below. 
Permo-Triassic
 
The Egersund Basin initially formed in response to Early Permian extension (Sørensen 
et al. 1992). The SFS, which is one of several fault systems that accommodated upper 
crustal extension, has been interpreted to represent a re-activated, broadly NW-SE-
striking, basement-involved thrust fault that originally formed during the Caledonian
Orogeny (Sørensen et al. 1992). Subsidence of the Egersund Basin during the Early 
Permian led to the deposition of a thick succession of non-marine sediments, the 
Rotliegend Group, before a major marine transgression in the Late Permian deposited 
the evaporite-dominated Zechstein Supergroup (Ziegler 1990; Sørensen et al. 1992) 
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(Fig. 3.3). During the Late Permian, the SFS was most likely active and formed the north-
eastern margin of the North Permian Salt Basin (Zanella and Coward 2003; Jackson and 
Lewis 2013). The current extent of the Zechstein Supergroup, which thins and pinches-
out onto the in the immediate footwall of the SFS, supports this interpretation (Figs 3.2 
and 3.3). Furthermore, the occurrence of halite-rich units in the centre of the Egersund 
Basin and halite-poor, marginal evaporite facies in the footwall of the SFS, suggests that 
the current north-eastern limit of the unit is depositional, i.e. primary, rather than
erosional, i.e. secondary (sensu Clark et al. 1998) (Fig. 3.2A). The Zechstein Supergroup 
is a key unit in this study because it forms the major mechanical detachment along part 
of the SFS. Reactivation of the SFS during the Early Triassic, and hangingwall
subsidence and enhanced sediment input from the basin margin, resulted in flow of the 
Zechstein Supergroup, and development of a triangular zone of thickened salt in the 
immediate hangingwall of the SFS and a c. 1-5 km wide, fault-parallel weld (Fig. 3.3). 
Sedimentation during the Early Triassic initially occurred in a relatively distal, continental 
environment (Smith Bank Formation); increased sediment input from the east during the 
Late Triassic resulted in the deposition of relatively coarse-grained alluvial fans and 
fluvial systems (Skagerrak Formation) (Sørensen et al. 1992). 
 
Middle Jurassic-to-Early Cretaceous rifting
 
Uplift of the Mid North Sea Dome during the Early Jurassic resulted in erosion of the 
Triassic strata and the absence of Early Jurassic-age deposits across much of the 
Egersund Basin. Middle Jurassic deposits thus directly overlie Triassic deposits across a
major erosional unconformity, the Intra-Aalenian Unconformity (Underhill and Partington 
1993). Following this period of regional uplift, two distinct rift pulses occurred in the 
Egersund Basin during the Bajocian/Bathonian-to-Early Tithonian and Early Tithonian-to-
Albian (Fig. 3.3). The oldest Jurassic deposits preserved adjacent to the SFS are the 
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early syn-rift, fluvial-to-coastal plain clastics of the Bryne Formation (Bajocian-Bathonian) 
and the overlying, shallow marine clastics of the Sandnes Formation (Callovian) (Husmo 
et al. 2003). Rifting during the Middle Jurassic-to-Early Cretaceous resulted in re-
activation of the SFS, and minor salt flow and diapir rise in areas of previously-thickened 
salt. The rate of fault driven and/or thermal subsidence increased and a eustatic rise in 
sea-level occurred during the Late Jurassic-to-Early Cretaceous, resulting in the 
deposition of an open marine, mudstone-dominated, late syn-rift-to-early post-rift 
succession, Boknfjord and Cromer Knoll groups (Sørensen et al. 1992) (Fig. 3.3).  
 
Late Cretaceous inversion 
 
During the Late Cretaceous-to-Cenozoic, sporadic shortening occurred within the study 
area and resulted in the formation of low-amplitude, long-wavelength, fault-parallel 
buttress folds, and squeezing of some of the larger salt structures (Sørensen et al. 1992; 
Jackson and Lewis 2012; Jackson et al. 2013) (Fig. 3.3). Shortening was relatively mild 
(< 0.56 %), and the SFS underwent minimal reverse reactivation (Jackson et al. 2013), 
thereby resulting in preservation of the pre-shortening fault-fold architecture, which is
critical for this study which focuses on and aims to reconstruct the Late Jurassic-to-Early 
Cretaceous, syn-rift structural development of the fault system. 
 
3.3. DATASET AND METHODOLOGY 
 
3.3.1. Dataset 
 
This study utilises a high quality, 3600 km2, pre-stack time-migrated, 3D seismic 
reflection survey that has a line spacing of 25 m, record length of 6.6 s, vertical sample 
rate of 2 ms, and a vertical resolution of c. 20-30 m in the interval of interest. The seismic 
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survey is displayed with SEG reverse polarity, where a downward increase in acoustic 
impedance is represented by a negative reflection event (blue/white on seismic sections) 
and a downward decrease in acoustic impedance is represented by a positive reflection 
event (red/ black on seismic sections). Eleven wells are available within the survey area, 
and these contain electrical log data (e.g. Gamma Ray, Density, and Sonic), composite 
geological logs, and final geological well reports. Data from these wells constrain the age 
of the mapped reflections and the lithology of stratigraphic units adjacent to the SFS. 
 
3.3.2. Methodology 
 
Five key seismic horizons (top Lower Permian, top Upper Permian, Base Jurassic, Lower 
Tithonian, and top Lower Cretaceous) are mapped across the study area, and these form 
the foundation for describing the geometry, scale and temporal development of key
structures along the SFS (Fig. 3.3). The ages of these horizons have been constrained 
by constructing synthetic seismograms and tying these to stratigraphic data in each of 
the 11 wells. Mapping of the top Lower Permian horizon constrains the sub-salt structure 
of the SFS (Fig. 3.3). The top Lower Permian and top Upper Permian horizons constrain 
the lower and upper boundaries of the salt-rich detachment unit, the Zechstein 
Supergroup (Fig. 3.3). The Base Jurassic horizon forms the boundary between Triassic 
and Jurassic strata, and represents the base of the Middle Jurassic-to-Lower 
Cretaceous, syn-rift succession (Fig. 3.3). The structural style of the supra-salt
succession is best illustrated using the Lower Tithonian horizon, which also forms the top 
of the Middle-to-Late Jurassic syn-rift interval, i.e. SU2 (Fig. 3.3). Strata associated with 
Late Jurassic-to-Early Cretaceous rift pulse are underlain and overlain by the Lower
Tithonian and top Lower Cretaceous horizon, respectively, i.e. SU3 (Fig. 3.3). The Middle 
Jurassic-to-Early Cretaceous syn-rift interval (i.e. SU2-3, Fig. 3.3) is divided into six 
stratigraphic units bound by seven stratal surfaces; (i) top Bathonian, (ii) Lower
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Kimmeridgian, (iii) Lower Tithonian, (iv) Base Cretaceous, (v) C1, (vi) C2, and (vii) C3 
(Fig. 3.3). 
To analyse along-strike variation in fault throw, and its influence on linkage-style 
and geometric coherence between sub and supra-salt structures along the SFS, a throw-
distance (T-x) plot was constructed at both top Lower Permian, i.e. sub-salt, and Base 
Jurassic, i.e. supra-salt, levels. Fault throw is used as a proxy for fault displacement as 
the slip vector on the SFS cannot be directly constrained. However, because the fault 
system is assumed as dominantly dip-slip and that no significant changes in fault dip 
occur along-strike, fault throw is considered an appropriate measure of the amount of 
strain accommodated by the fault system. To document the three-dimensional variation 
in throw on key faults, and to investigate the geometric coherence between sub- and 
supra-salt faults, throw-contour plots were generated by displaying throw values directly 
on the fault surface (cf. ‘strike projection’; Walsh and Watterson 1991). T-x and throw-
contour plots were calculated by using hangingwall and footwall cut-offs for a number of 
sub- and supra-salt seismic horizons, measured on a series of seismic profiles taken 
normal to fault strike (cf. Baudon and Cartwright 2008; Wilson et al. 2013). As is 
demonstrated later, folding along the SFS is the result of supra-salt forced-folding prior to 
fault breaching; in this study the presented throw values include synthetic normal drag 
(Withjack et al. 1990; Childs et al. 1995; Reches and Eidelman 1995; Grasemann et al. 
2005; Jin and Groshong 2006; Ferrill et al. 2012), such that the inclusion of this folding 
could be used to highlight periods of fault-related folding prior to breaching, by 
recognising a zone of decreased throw gradient on the throw-contour plots. Time-
thickness (isochron) maps between four regional seismic reflections (top Upper Permian, 
Base Jurassic, Lower Tithonian, and top Lower Cretaceous) are used to analyse 
thickness variations within Triassic-to-Middle Jurassic, Middle-to-Upper Jurassic and 
Upper Jurassic-to-Lower Cretaceous strata (i.e. SU1-3). Thickness variations are 
interpreted as a qualitative proxy for spatial and temporal variations in fault- and fold-
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related subsidence and uplift; and not used as a direct, quantitative measure of tectonic 
subsidence (see Young et al. 2001). 
In addition to isochron maps, expansion indices are used to analyse temporal 
variations in activity on individual normal faults and folds along the SFS (Thorsen 1963; 
Cartwright et al. 1998). For normal faults, the expansion index is calculated by dividing 
hangingwall stratal thickness by the adjacent footwall stratal thickness for a given 
stratigraphic unit; where the expansion index is > 1, syn-depositional fault slip is 
interpreted to have occurred, and where the expansion index = 1, the fault is interpreted 
to be dormant (Thorsen 1963). Expansion indices are also calculated across fold
structures in a similar way to that for faults, i.e. proto-hangingwall stratal thickness 
measured in the syncline axis was divided by the stratal thickness on the proto-footwall. 
Expansion indices are calculated for seven units adjacent to three key structures along 
the SFS. The application of expansion index analysis to highlight periods of fault and fold 
growth assumes that sedimentation rate exceeds fault slip rate; across the SFS this is 
likely to be the case even during Late Jurassic-to-Early Cretaceous deposition of the
marine dominated, Boknfjord and Cromer Knoll groups, as there is no clear evidence for 
fault scarp uplift and degradation (i.e. sedimentation rate exceeded fault slip rate) within 
this interval. 
 
3.4. STRUCTURAL STYLE OF THE STAVANGER FAULT SYSTEM 
 
The top Lower Permian and Lower Tithonian seismic horizons are used to define the 
sub- and supra-salt structure of the SFS, respectively (Fig. 3.4A and C). An isochron of 
the Upper Permian interval defines the distribution and geometry of salt structures
associated with flow of the Zechstein Supergroup (Fig. 3.4B). The key structures 
observed at these different structural levels are described below. 
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3.4.1. Sub-salt 
 
The SFS is a 40 km long, basement-involved, NNW-SSE striking, WSW-dipping normal 
fault system that locally defines the NE margin of the Egersund Basin. The fault system 
has maximum throw of c. 1000 ms (TWT) near the NW end of the seismic survey and 
this decreases towards its SE tip (Fig. 3.4A). In detail, the SFS is characterised by a 
series of steeply-dipping (c. 60°), anastomosing fault segments, which locally bound a 
series of 2-3 km wide rider blocks (Fig. 3.4A). The hangingwall of the SFS dips gently (< 
4°) towards the SE and no folding is observed. The footwall of the SFS dips gently (c. 7°) 
towards the SSE along the northern end of the fault and to the SE towards the fault 
systems southern tip. The footwall merges with a relay ramp developed between the 
SFS and the adjacent, N-S striking, steeply dipping (c. 60°), W-dipping Lista Fault, which 
has c. 1200 ms (TWT) of throw (Fig. 3.4A). 
3.4.2. Salt 
 
The Zechstein Supergroup, which forms the salt-rich detachment unit along the SFS, 
displays prominent and rapid changes in thickness adjacent to the basin-bounding 
structure. At the north-western end of the SFS, salt is restricted to the hangingwall of the 
fault system (Fig. 3.4B). In contrast, along the south-eastern portion of the SFS, salt 
extends into its footwall (A, Fig. 3.4B), before thinning and pinching-out north-eastwards 
onto the relay ramp developed between the SFS and the Lista Fault (Fig. 3.4B). The 
southwards change in the pinch-out position of the salt (i.e. from hangingwall restricted to 
footwall onlap) occurs in association with a general south-eastwards decrease in throw 
on the SFS, and a plunge in the upper fault tip from supra- to sub-salt levels (Fig. 3.5). 
The salt is thickest in the immediate hangingwall of the SFS, where it forms a 
broadly triangular-shaped salt wall that decreases in both width (from 5 to 1 km) and 
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thickness (from 600-to-100 ms TWT) towards the NW (Figs 3.4B and 5). In addition to 
this triangular salt wall, two other major salt structures occur adjacent to the SFS: (i) a 
7.5 km long, 3 km wide, NW-SE-trending salt wall, which has a maximum relief of 750 
ms TWT and is located in the hangingwall adjacent to the south-eastern tip of the SFS; 
and (ii) a moderate amplitude (250 ms TWT), 5 km wide, sub-circular salt pillow, which is 
located in the immediate footwall of the SFS (Fig. 3.4B). The hangingwall salt walls are 
flanked to the SSW by a 2-5 km wide salt weld (B, Fig. 3.4B), which separates these 
structures from a suite of higher-relief salt walls and stocks (Jackson and Lewis 2012). 
 
3.4.3. Supra-salt 
 
The supra-salt structure of the SFS is characterised by a NNW-SSE-striking, steeply (c. 
60°) WSW-dipping normal fault in the NNW (A, Figs 3.4C and 3.5A), which passes along 
strike to the SSE into a shallowly (c. 12°) SW-dipping monocline (Figs 3.4C and 3.5C). In 
the NNW at this structural level, the fault has c. 400 ms (TWT) of throw, defines the NE 
margin of a half graben and forms the upper continuation of the main basin-bounding 
fault observed at sub-salt levels. Bedding adjacent to the fault displays only limited 
folding (Fig. 3.5A). The transition from a fault in the NNW to a monocline in the SSE is 
associated with bifurcation of the main basin-bounding structure, and formation of 
discrete sub-salt and supra-salt restricted segments (Fig. 3.4D). The upper, supra-salt 
restricted segment strikes E-W rather than NNW-SSE, and thus occurs on the footwall of 
the sub-salt restricted segment of the SFS, which maintains its overall NNW-SSE strike 
(B, Figs 3.4C, D and 3.5B). Furthermore, fault-bifurcation occurs where the salt ceases 
to be hangingwall restricted, oversteps the sub-salt restricted segment of the fault 
system, and extends into and onlaps onto the footwall (A, Fig. 3.4B and D). Near the 
SSE tip of the SFS, a 5 km wide, NW-SE trending syncline, which is offset 5 km 
basinward (i.e. to the WSW) from the supra-salt monocline, is observed (C, Fig. 3.4C; B, 
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Fig. 3.5C). The southern end of the supra-salt monocline is shown to link with a small, c. 
2 km long, WNW-plunging pericline that is located above the hangingwall salt wall 
described earlier (D, Fig. 3.4C). 
In the footwall of the SFS, a supra-salt restricted, NW-SE-trending, NE-dipping, 
asymmetric graben is developed (Fig. 3.4C). The graben is bound to the NE by a large 
(c. 450 ms TWT throw), 12.5 km long, SW-dipping, NW-SE-striking listric fault that 
detaches downwards into the Zechstein Supergroup (Fig. 3.5C); this fault is the upper, 
easterly continuation of the supra-salt restricted fault segment described above. The 
lower tip-line of the fault that bounds the NE-margin of the footwall graben coincides with 
the present NE limit of the salt-unit (Fig. 3.4B). To the SW, the graben is bound by two 
smaller (c. 200-300 m TWT throw), 4 km long, NE-dipping, NW-SE-striking, supra-salt 
restricted normal faults. Immediately adjacent to the northern-end of the footwall graben 
is a sub-circular dome that is c. 5 km in diameter (E, Fig. 3.4C) and underlain by the 
footwall salt pillow described earlier (Fig. 3.4B). This salt pillow is bound to the WSW by 
a WSW-dipping, supra-salt restricted normal fault, which has a throw of up to c. 200 ms 
(TWT) (Fig. 3.4C). 
Finally, the hangingwall of the SFS is dissected by obliquely trending, E-W to NW-
SE striking, supra-salt restricted normal faults, however, these structures are associated 
with relatively late-stage, principally Late Cretaceous salt movement and they are thus 
not considered further in this study. 
 
3.4.4. Summary 
 
The principle relationship between the structural style of sub- and supra-salt fault 
populations, and salt distribution along the SFS is: (i) restriction of salt to the hangingwall 
of the SFS in the NNW, which corresponds to a basement-involved normal fault that 
offsets both sub- and supra-salt structural levels; (ii) a major along-strike bifurcation of 
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the basin-bounding fault where salt extends from the hangingwall into the footwall, and 
development of two, physically unlinked, sub- and supra-salt restricted fault segments; 
and (iii) folding above a blind, sub-salt restricted fault along the SE part of the SFS (Fig. 
3.4D).  
 
3.5. SUB- TO SUPRA-SALT FAULT ANALYSIS 
 
In this section, the detailed geometry of the fault system at sub- and supra-salt levels, 
and on several key faults in the supra-salt fault array are documented (i.e. the breached 
northern-end of the SFS, Faults X and Fault Y; Fig. 3.4D). In particular, throw-distance 
(T-x) and strike-projections of throw on fault surfaces are used to investigate the 
nucleation and growth history of these structures (Figs 3.6 and 3.7). 
 
3.5.1. Throw-distance analysis (T-x)
 
Summed throw-distance (T-x) profiles are constructed for sub- (at top Lower Permian 
level) and supra-salt (at Base Jurassic level) fault populations of the SFS. These profiles 
show an similar overall pattern of throw, whereby local throw maxima and minima at sub-
salt levels broadly match those at supra-salt levels (Fig. 3.6), although absolute values of 
throw along the supra-salt population are 200-500 m (TWT) less than that observed at 
subsalt levels (Fig. 3.6). A further key observation is that comparable throw profiles 
between sub- and supra-salt faults are maintained along the entire c. 40 km long strike-
length of the SFS, regardless of whether the basin-bounding fault is represented by a 
single fault that offsets both sub- and supra-salt levels (i.e. in the NNW) or a segmented 
fault system that comprises sub- and supra-salt segments laterally offset by up to 8 km 
across the salt layer (Figs 3.4D, 3.5C and 3.6). Furthermore, comparable throw profiles 
are observed between the main, sub-salt restricted faults that define the SFS and a 
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relatively small structure developed in the immediate hangingwall of the fault system 
(Fault X, Figs 3.4D, 3.5B and 3.6). The final key observation is that the southwards 
decrease in the degree of sub- and supra salt coupling and increase in supra-salt forced 
folding is not clearly related to the total amount of throw observed at sub-salt levels but 
is, as stated above, directly related to the presence of salt in the footwall of the fault 
system (Fig. 3.6). 
 
3.5.2. Strike-projection analysis 
 
Strike-projections of throw variations on three representative faults are analysed to 
illustrate the three-dimensional variation in structural and linkage-style along the fault 
system; these projections are described below (breached northern end of the SFS, Fault 
X and Fault Y) (Fig. 3.7): 
 
SFS (breached) 
The NNW portion of the SFS is a c. 18 km long, NNW-SSE striking, steeply (c. 60°) 
WSW-dipping normal fault, which, in the NNW, offsets both sub- and supra-salt levels. 
Along this part of SFS, a strike-projection of throw variations on the fault indicates that 
throw decreases upwards from a maximum of c. 1000 ms (TWT) at the top Lower 
Permian level, to an upper tip line located in the Lower Cretaceous (A, Fig. 3.7A). The 
vertical throw gradient is relatively constant, although a marked decrease in throw 
gradient occurs in the Middle-to-Upper Jurassic interval (B, Fig. 3.7A). Three local throw 
maxima are observed below the structural level of the Jurassic succession (i.e. at top
Lower Permian level). These maxima are c. 4 km in length, define local throw deficits of 
c. 400 ms (TWT), and are not related to folding because folds are not developed at this 
structural level (Fig. 3.5A). 
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As described earlier, c. 12 km SSE from the northern end of the survey, the SFS 
bifurcates and is, therefore, to the SSE of this point, represented by sub- and supra-salt 
restricted segments (Fig. 3.7A). The supra-salt segment is arcuate, dips to the south, 
and strikes broadly E-W (i.e. oblique to the sub-salt part of the SFS) (Figs 3.4D, 3.5A and 
B, 3.7A). The maximum throw (c. 450 ms TWT) on the supra-salt SFS segment is 
located in the Middle-to-Upper Jurassic interval (C, Fig. 3.7A) and decreases upward 
towards its upper tip-line located in the upper part of the Lower Cretaceous. Furthermore, 
just to the south of the bifurcation point, the supra-salt restricted portion of SFS appears 
to be physically linked to one of several sub-salt faults that define the sub-salt part of the 
SFS (Fig. 3.5B); however, due to the following two key observations it is argued that 
these are separate structures and that the upper fault detaches downwards into the salt: 
(i) throw at supra-salt levels is larger than that observed at sub-salt levels, which is in 
direct contrast to that observed along the northern part of the fault, where throw 
decreases steadily upward; and (ii) the relatively steeply-dipping, Middle and Upper 
Jurassic, and Lower Cretaceous strata adjacent to the supra-salt fault are consistent with 
the development of a structure that has a listric geometry, and which therefore likely 
detaches downward into the salt. 
 
Fault X 
Fault X is an 8 km long, supra-salt, NW-SE-to-NNW-SSE striking fault segment that is 
located in the immediate hangingwall of the SFS. The lowermost tip-line of this fault 
bounds the SW-margin of and detaches downward into, the hangingwall salt pillow 
described earlier (Figs 3.4D, 3.5B, and 3.7B). The fault offsets Triassic to Upper Jurassic 
strata, and its upper tip-line is located in uppermost Jurassic strata (Figs 3.5B and 3.7B). 
The strike-projection of Fault X illustrates that it has an unusual crescent-shaped 
geometry (Fig. 3.7B), which is related to supra-formation distortion of the fault surface 
due to later or perhaps partly synchronous growth of the adjacent salt pillow. Despite 
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experiencing supra-formation deformation, the primary distribution of throw on Fault X is 
preserved (Fig. 3.7B), and characterised by a throw maximum (200 ms TWT) near the 
southern end of the fault at the structural level of the Lower Kimmeridgian (A, Fig. 3.7B), 
another zone of relatively high throw near its northern end (150 ms TWT) (B, Fig. 3.7B), 
and an intervening zone of relatively low throw (100 ms TWT) (C, Fig. 3.7B). In detail, 
within each region of relatively high throw, high-order throw maxima, which are spaced 2-
4 km apart, are observed. Throw decreases gradually downward from the Lower 
Kimmeridgian to the lower tip-line located within the Triassic, and upwards towards the 
upper tip-line in the Lower Tithonian (Fig. 3.7B). 
 
Fault Y 
Fault Y is a 5 km long segment of the overall 12 km long, NW-SE-striking, supra-salt fault 
system that forms the NE-margin of the half-graben developed in the footwall of the SFS 
(Figs 3.4D, 3.5C, 3.6 and 3.7C). The lower tip-line of Fault Y detaches in the salt where it 
pinch-outs on the SFS footwall (A, Fig. 3.5C). The fault offsets Middle Jurassic through to 
Lower Cretaceous strata, and its upper tip-line is located in the Lower Cretaceous. 
Maximum throw occurs around the Lower Tithonian level (A, Fig. 3.7C), and decreases 
rapidly downward to the faults lower, salt-confined tip-line (B, Fig. 3.7C). 
 
3.6. SPATIAL AND TEMPORAL EVOLUTION OF THE STAVANGER FAULT SYSTEM 
 
In the preceding sections the present-day structure of the faults and folds that comprise 
the SFS, and their spatial relationships with salt-cored structures have been established. 
In this section, time-thickness (isochron) maps are used to describe and interpret the 
spatial and temporal evolution of the salt structures, faults and folds during the Triassic 
(SU1; Fig. 3.8A), Middle-to-Late Jurassic (SU2; Fig. 3.8B) and the latest Jurassic-to- 
Early Cretaceous (SU3; Fig. 3.8C). Expansion indices (see earlier) are calculated on two 
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representative sections across three key structures; the breached northern end of the 
SFS, the forced fold above the upper tip of the southern SFS and Fault Y (Fig. 3.8D). Of 
particular interest are the differences or similarities in the timing of forced fold 
development above the south-eastern, sub-salt restricted part of the SFS, the timing of 
at-surface growth faulting along the north-western part of the breached SFS where it 
forms a through-going structure, and the timing of footwall graben development to the NE 
of the forced fold. 
 
3.6.1. Stratal Unit 1 (SU1, Triassic-to-Middle Jurassic) 
 
Description
Stratal Unit 1 is Triassic-to-Middle Jurassic in age, bound below and above by the top
Lower Permian and Base Jurassic horizons, respectively, and corresponds 
lithostratigraphically to the Smith Bank and Skagerrak formations of the Hegre Group 
(Fig. 3.3). Stratal Unit 1 thickens across the SFS, reaching a maximum thickness of c. 
1200 ms (TWT) in a broadly N-S striking, c. 8 km wide, c. 17 km long hangingwall 
depocentre (A, Fig. 3.8A). Along the SFS, SU1 thins toward and onlaps onto, the SFS 
footwall. In the NNW, SU1 onlaps onto the Lower Permian Rotliegend Group, and in the 
SSE it onlaps onto Upper Permian salt; this change in onlap position coincides with a 
change in the salt pinch-out position, which passes from a hangingwall restricted position 
in the NNW to a footwall position in the SSE (Fig. 3.8A). Along the southern portion of 
the fault system, SU1 thins towards the hangingwall-restricted salt triangle, which 
increases in width southwards to a maximum of c. 5 km (Fig. 3.8A). At the southern-tip of 
the SFS, thinning (from 1400-to-100 ms TWT) of SU1 towards and across a salt wall is 
observed (Fig. 3.8A). In the footwall of the SFS, SU1 thins gradually northward up the 
relay ramp between the SFS and Lista Fault, from c. 1400 ms (TWT) in the SSE to c. 
200 ms (TWT) in the NNE. To the SSE, on the lower part of the relay ramp, SU1 onlaps 
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Upper Permian salt; up-dip of this location to the NNW, beyond the salt pinch-out 
location, SU1 onlaps the sub-salt, Lower Permian Rotliegend Group (Fig. 3.8A). 
 
Interpretation
It is interpreted that, immediately prior to the Triassic period, salt was unevenly 
distributed across the SFS, such that salt was restricted to the hangingwall of the fault 
system in the north, but extended onto the footwall in the south (Fig. 3.9A). The 
distribution of salt probably reflects a southwards decrease in throw on the SFS that 
developed during earlier, Early Permian rifting, such that salt was able to onlap the 
footwall at lower elevations towards the southern fault tip (Jackson and Lewis 2013). A 
further consequence of this relationship between pre-existing relief and salt distribution, 
which is important for the later rift-related structural development of the fault system, is 
that the SFS defined the NE-limit of the salt in the north (where it is hangingwall-
restricted), but tipped-out below the salt in the south (Fig. 3.9A). 
 Thickness variations in SU1 across the SFS and within adjacent areas indicate 
that the SFS was active during the Triassic, and that fault movement was related to and 
possibly triggered, mobilisation and flow of the salt (Fig. 3.9A). Hangingwall-driven 
subsidence coupled with loading of salt by Triassic deposits, resulted in the formation of 
a triangular wedge of thickened salt and other minor salt-cored structures in the 
immediate hangingwall of the fault system (Fig. 3.9A). Salt flow during this period was 
modest, and it is the distribution of salt (i.e. from hangingwall-restricted in the NNW to 
extending onto the footwall in the SSE) that forms the primary control of the subsequent 
development of Late Jurassic, rift-related structural styles along the SFS. 
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3.6.2. Stratal Unit 2, SU2 (Middle-to-Late Jurassic) 
 
Description
Stratal Unit 2 is Middle Jurassic-to-Late Jurassic in age, and is bound below and above 
by the Base Jurassic and Lower Tithonian horizons, respectively. Stratal Unit 2 
corresponds to the Bryne and Sandnes formations of the Vestland Group, and the 
Egersund and Tau formations of the Boknfjord Group (Fig. 3.3). At the NNW end of the 
SFS, where it is represented by a single, basement-involved fault that bounds a half-
graben, SU2 is thickest (up to 400 ms TWT) in a synclinal depocentre offset c. 1 km into 
the hangingwall of the fault system, and thins abruptly to the NE into its footwall (A, Fig. 
3.8B). In contrast, 20 km further south along the SFS, SU2 is thickest (300 ms TWT) in a 
synclinal depocentre that is offset c. 5 km into the hangingwall of the sub-salt restricted 
tip of the SFS, and thins towards the NE and onlaps onto the fault systems proto-footwall 
(B, Fig. 3.8B). The isochron map of SU2 illustrates a gradual northwards decrease (from 
80-to-50 ms TWT) in thickness of the unit; no abrupt thickness variations are observed, 
even across or adjacent to major supra-salt faults. Analysis of expansion indices (EI) 
across the SFS, Fault Y and the forced fold (Fig. 3.8D) indicate that the lower (Base 
Jurassic-to-Top Bathonian) part of SU2 expands (EI = 2.7) westwards across the SFS, 
and south-westwards down the limb of the Stavanger Monocline (EI = 4) (Fig. 3.8D). In 
contrast, this same interval has an EI value of 1 across Fault Y (Fig. 3.8D). Across the 
SFS and the forced fold, the middle and uppermost (Top Bathonian-to-Lower Tithonian) 
part of SU2 display lower EI values (EI = 1.8-1.4 and 1.7-1.4, respectively) compared to 
the undying interval; this contrasts with Fault Y, which displays an increase in EI values 
(EI = 1.4=1.9) (Fig. 3.8D). 
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Interpretation
Basement-involved extension occurred in the Egersund Basin during the Bajocian-to-
Tithonian, and this was accommodated by slip on the SFS and forced folding of supra-
salt strata (Fig. 3.9B). Thickness patterns in SU2 suggest that forced folding resulted in 
the development of a ‘proto-hangingwall’ synclinal depocentre, which was continuous 
along the entire studied strike length of the SFS. In detail, the geometry of the forced fold 
and the width of the associated proto-hangingwall depocentre varied along strike. In the 
north, where salt was only present in the hangingwall, the monocline was relatively tight 
(c. 1 km wide) and the proto-hangingwall depocentre was offset only c. 1 km from the 
fault, whereas in the south, where salt was present in both the hangingwall and footwall 
of the fault, the depocentre was relatively wide (c. 5 km wide) and offset c. 5 km from the 
sub-salt restricted fault (Fig. 3.9B). The along-strike change in fold style is interpreted to 
reflect the along-strike change in salt distribution; in the north, a lack of salt and the 
resulting predominantly brittle supra-salt strata, resulted in a relatively narrow zone of 
folding, whereas in the south, the presence of salt above the blind fault tip resulted in a 
wider zone of folding (Withjack et al. 1990; Withjack and Callaway 2000) (Fig. 3.9B). An 
upward decrease in EI values in SU2 across both the basement-involved faults (i.e. 
northern end of SFS) and across the forced fold, suggests a decrease in fault growth and 
fold limb rotation from the Bajocian-to-Early Bathonian to the Late Bathonian-to-Early 
Tithonian (Fig. 3.8D). The lack of thickness variations in SU2 on the Stavanger Platform 
and low EI values across Fault Y, together suggest that, at this time, supra-salt faults and 
the associated footwall graben, and the footwall salt pillow, had yet to develop (Fig. 
3.9B). 
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3.6.3. Stratal Unit 3, SU3 (Late Jurassic-to-Early Cretaceous) 
 
Description
Stratal Unit 3 is Early Tithonian-to-mid-Cretaceous in age, and is bound below and above 
by the Lower Tithonian and top Lower Cretaceous horizons, respectively. It corresponds 
to the Sauda and Flekkefjord Formations of the Boknfjord Group, and the entire Cromer 
Knoll Group (Fig. 3.3). The isochron map indicates SU3 displays a broadly similar 
variation in thickness to SU2, and is defined by block-wise thickening across the 
basement-involved fault in the north, and thinning and onlap towards a monocline in the 
south (Fig. 3.8C). In contrast to SU2, SU3 displays marked and rapid variations in 
thickness variation in the footwall of the SFS. First, and rather than thinning gradually to 
the NW, SU3 is thickest (up to 1100 ms TWT) in the footwall graben and expands 
towards the S-dipping, segmented, supra-salt fault system that defines its northern 
margin (Fig. 3.8C). Second, SU3 decrease in thickness (from c. 800-to-400 ms TWT) 
across the crest of the salt-cored fold that is present approximately halfway along the 
studied part of the fault system (Fig. 3.8C). 
Analysis of EI values in the Lower Tithonian-to-Base Cretaceous portion of SU3 
(SU3a) illustrates overall expansion of the unit across the breached northern portion of 
the SFS, Fault Z and the forced fold (2.5, 2.3 and 1.8, respectively) (Fig. 3.8D). EI values 
for SU3b (Berriasian-to-Aptian age) illustrate continued expansion across all 
representative structures. The youngest interval, SU3c (Aptian-to-Albian age) illustrates 
a reduction in expansion across all the representative structures; i.e. the lowest value, EI 
= 1, is observed across Fault Y, and there is a continued reduction in expansion 
observed across the forced fold and the breached northern end of the SFS to values of 
1.5 and 1.2, respectively (Fig. 3.8D). 
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Interpretation
Basement-involved extension is interpreted to continue in the Egersund Basin during the 
Early Tithonian-to-Albian, and that a period characterised by relatively high slip rates 
occurred in the Late Tithonian (Fig. 3.9C). Extension was still accommodated by slip on 
the SFS, which was surface-breaching at its NNW end, and sub salt-restricted and 
overlain by a forced fold at its SSW end (Fig. 3.9C). The abrupt transition between these 
two structural styles is marked by bifurcation of the SFS fault surface (i.e. SFS splits into 
vertically and laterally segmented, sub- and supra-salt fault systems) (Fig. 3.9C), which 
is directly related to the thickness of salt and, in particular, the presence of salt in the 
footwall of the fault system (Fig. 3.9C). 
The distinct change in structural style is interpreted to occur in the footwall of the 
SFS during the Late Jurassic-to-Early Cretaceous (Fig. 3.9B). First, it is interpreted that 
the supra-salt fault system initiated and the footwall graben formed directly along the 
northern pinch-out of the salt (cf. Baudon and Cartwright 2008) (Fig. 3.9C). Second and 
perhaps even more significantly, based on the observed geometric coherence between 
throw profiles at sub- and supra-salt levels, it is interpreted that the two systems were 
kinematically linked; thus the sub- and supra-salt faults can be regarded as a single, 
segmented fault, composed of brittle and ductile portions, which are soft-linked by the 
salt (Fig. 3.9C). Furthermore, geometric coherence between the sub-salt fault and supra-
salt Fault X may also imply kinematic coherence and soft-linkage between the two 
structures, perhaps during a failed attempt to breach the forced fold (Fig. 3.9C). Lastly, 
thinning of SU3 over the footwall salt pillow, illustrates the initiation and growth of this 
structure during the Late Jurassic-to-Early Cretaceous (Fig. 3.9C).  
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3.7. DISCUSSION 
 
The current understanding of normal fault growth in salt-influenced settings has been 
principally informed by the analysis of 2D and 3D seismic reflection datasets; (Stewart et
al. 1996 and 1997; Pascoe et al. 1999; Alves et al. 2002; Richardson et al. 2005; Kane et 
al. 2010; Marsh et al. 2010; Duffy et al. 2012; Wilson et al. 2013) and relatively simple, 
scaled physical models that do not incorporate spatial variations in salt thickness and 
composition, or which do not explicitly investigate the role of multiple, pre-rift, sub-salt 
structures (Koyi et al. 1993; Nalpas and Brun 1993; Withjack and Callaway 2000). The 
detailed 3D analysis of the SFS provides important insights into two key areas of salt-
influenced normal fault growth; (i) the controls on sub- to supra-salt fault-linkage style; 
and (ii) geometric and kinematic coherence during the growth of salt-influenced normal 
faults. 
 
3.7.1. Controls on sub- to supra-salt fault-linkage style 
 
Previous studies have illustrated that numerous factors control the degree of coupling 
between sub- and supra-salt deformation, and the overall resultant structural style of salt-
influenced normal fault systems (i.e. evaporite thickness, overburden thickness, cohesive 
strength and ductility of the overburden, total fault displacement, fault displacement rate 
and evaporite viscosity; Koyi et al. 1993; Stewart et al. 1996 and 1997; Harvey and 
Stewart 1998; Withjack and Callaway 2000; Duffy et al. 2012). Displacement ratio (Dr), 
which is the ratio between sub-salt fault displacement (D) and original salt thickness (Tv), 
is commonly used to predict sub- to supra-salt linkage style (Koyi et al. 1993; Stewart et
al. 1996). Models based on this concept suggest that, where Tv < D (i.e. Dr > 1) a hard-
linked fault system occurs, whereas a soft-linked or decoupled fault system is likely to 
form where Tv > D (i.e. Dr < 1) (Fig. 3.1A-C). This study indicates that the single largest 
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control on style of coupling between sub- to supra-salt normal faults, and the 
development of forced folds, is the presence of salt on the sub-salt fault footwall, rather 
than the absolute thickness of salt (Fig. 3.10). For example, in locations where footwall 
salt thickness = 0 (i.e. Dr = 0), a hard-linked or coupled style will form because the 
hangingwall salt, irrespective of its thickness, will be passively translated down the fault 
surface (Fig. 3.10A). In contrast, where footwall salt thickness is > 0 (i.e. Dr > 0), which 
may be along strike of the same structure, a soft-linked or decoupled style will develop 
(Fig. 3.10B-C). In the example presented here from the Egersund Basin, the distribution 
of the salt was related to basin physiography inherited from an earlier rift phase. 
However, it is plausible that, in other situations, salt may be variably distributed across 
the fault due to post-depositional erosion. 
The Dowsing Fault Zone, which lies along the western margin of the Southern 
North Sea basin, provides further insight into the geological controls on Dr. The Dowsing 
Fault Zone is, like the SFS, located in a marginal position with respect to the North 
Permian Salt Basin, in a location where the ‘salt’ is interpreted to be relatively halite-poor. 
2D seismic reflection data indicates that it passes along-strike from a hard to a soft-
linked fault system, which is mirrored by and presumably associated with, an along-strike 
increase in salt thickness. Despite these apparent similarities in terms of salt thickness 
and the degree of sub-salt/supra-salt coupling, Stewart et al. (1996) interpret that the 
primary control on linkage style along the Dowsing Fault Zone is the amount of 
displacement on the sub-salt fault, not salt distribution or thickness. However, Fig. 3.4 of 
Stewart et al. (1996) indicates that the presence of footwall salt, regardless of its 
thickness, results in bifurcation of the fault surface, formation of sub- and supra-salt 
segments and development of a forced fold above a sub-salt restricted fault. In contrast 
to the supra-salt fault system developed in the footwall of the SFS, the equivalent system 
along the Dowsing Fault Zone does not appear to be located above and thus controlled 
by the salt pinch-out position. 
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The observation that footwall salt presence is the dominant control on the degree 
of sub- to supra-salt fault linkage and overall structural style of rift margins has potentially 
wider implications for the structural analysis of salt-influenced extensional systems. For 
example, where the distribution of salt is difficult to define on seismic data and cannot be 
directly constrained by wells (e.g. Kane et al. 2010), contrasting fault patterns at various 
structural depths, and the development of associated folds within prognosed cover 
strata, may indicate that salt is present. For example, in a case where a supra-salt fault is 
interpreted to be hard-linked and colinear with a basement-involved structure, mobile salt 
would be interpreted as being absent from the adjacent footwall and restricted to a 
hangingwall position (cf. the Sleipner Fault Zone; Fig. 3.7 in Kane et al. 2010). In other 
cases, sedimentary cover may be absent due to erosion in the footwalls of very large 
throw faults (e.g. Duffy et al. 2012); in these cases, early-stage forced folding of supra-
salt strata could be achieved with salt restricted to a hangingwall position, and absent 
over the adjacent footwall (cf. Fig. 3.13 in Duffy et al. 2012). 
In addition to salt thickness and sub-salt displacement, scaled physical models 
illustrate how evaporite viscosity controls sub- to supra-salt linkage style, such that, the 
higher the salt viscosity, the more likely it is that a hard-linked system will form (Withjack 
and Callaway 2000). In the context of the SFS, the viscosity of the Zechstein Supergroup 
salt may be expected to be relatively low, given that predominantly soft-linked structural 
styles are developed, under relatively low displacement ratios (i.e. Tv < D), for a 
considerable strike length of the system. However, borehole data indicate the Zechstein 
Supergroup is relatively halite-poor (< 50 %) immediately adjacent the SFS, suggesting 
that it has a relatively high viscosity. This apparent paradox is reconciled by suggesting 
that, even for relatively low percentages of halite (i.e. < 50 %), salt is able to flow and 
control the structural style of salt-influenced normal fault systems. 
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3.7.2. Geometric and kinematic coherence during the growth of salt-influenced 
normal faults 
 
Geometric and kinematic coherence during normal fault growth has been best-studied 
using field data from non-salt-influenced extensional settings (e.g. Childs et al. 1995; 
Huggins et al. 1995; Childs et al. 1996; Nicol et al. 1996; Walsh et al. 1999 and 2003). In 
these examples, the bifurcation of outcrop-scale, i.e. 10-2-101 m, fault surfaces and the 
development of offset fault segments, occurs across and is intimately linked to, ductile 
mudstone-dominated layers (e.g. Walsh et al. 2003). Furthermore, these studies imply 
that segmented fault systems and the relay zones they bound are transient features on 
geological timescales, and that they become linked (in the case of fault segments) and 
incorporated into the fault zone (in the case of relay zones) with further fault slip. 
The data presented here from SFS, a large, basin-bounding, salt-influenced 
normal fault system indicates that geometric and kinematic coherence during normal 
fault growth can occur on the kilometre-scale (cf. Stewart et al. 1996). Furthermore, 
throw-distance (T-x) analysis along the SFS illustrate that sub- and supra-salt fault 
populations form part of a single, geometrically coherent structure (Fig. 3.6), and likely 
developed as a single, kinematically coherent, albeit segmented fault system (i.e. Walsh 
and Watterson 1991), rather than by the process of incidental linkage between 
kinematically isolated segments. The most striking aspect of this interpretation is that the 
fault systems, despite being laterally offset by up to 8 km along the southern part of the 
fault system, maintain kinematic coherency due to the lateral transferral of ductile strains 
within the salt (Fig. 3.10B-C). In the south, the fault is therefore composed of both brittle 
and ductile portions (cf. Fig. 3.1D). The length-scale of the kinematic coherency 
documented along the southern part of the SFS is orders of magnitude greater, i.e. 102-
103 m, than that typically demonstrated in non-salt-influenced faults, which probably 
reflects the efficient manner in which salt decouples sub- and supra-salt deformation and 
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can transfer strain, i.e. 10-2-101 m (Fig. 3.1D) (e.g. Walsh et al. 2003). In addition, it is 
demonstrated that kinematic coherency was maintained for considerably longer (i.e. c. 
65 Myr) than current models suggest, which again indicates that role that salt plays in 
effectively decoupling, but allowing kinematic coherency between, sub- and supra-salt 
structures, for a long part of the rift event.  
The recognition that long-term, long-range kinematic coherence can occur during 
the growth of salt-influenced normal faults impacts how these structures are interpreted. 
For example, the supra-salt graben developed in the footwall of the SFS has a similar 
overall structural style to salt-detached, purely gravity-driven systems observed along 
many salt-influenced passive margins (e.g. Duval et al. 1992; Lynch et al. 1998; 
Anderson et al. 2000; Dutton and Trudgill 2009). However, the supra-salt graben system 
is not believed to have formed in response to gravity gliding for two key reasons; (i) the 
data strongly suggest that the sub-and supra-salt portions of the SFS were part of a 
kinematically-coherent array; and (ii) coeval (i.e. Late Jurassic-to-Early Cretaceous), thin-
skinned shortening-related structures, such as buckle folds or salt-cored thrusts (e.g. 
Lynch et al. 1998), which would be required to balance thin-skinned, basin margin 
extension, are not observed in the Egersund Basin (Jackson et al. 2013). Furthermore, 
kinematic linkage between sub- and supra salt fault populations may help seismic 
interpreters constrain the location and size of poorly-imaged sub-salt structures. For 
example, quantitative analyses of throw variations on well-imaged, supra-salt faults may 
be used as a proxy for the detailed architecture of more poorly imaged, sub-salt faults 
(i.e. Fig. 3.6). 
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3.8. CONCLUSIONS 
 
A high-quality three-dimensional seismic dataset across the Stavanger Fault System 
(SFS), offshore Norway is used to investigate the influence of pre-rift salt distribution (Tv) 
and sub-salt fault throw (T) on: (i) the structural style and evolution of a basin-bounding, 
salt-influenced normal fault system; and (ii) the role salt plays in maintaining kinematic 
coherence during normal fault growth. 
 
1. The structural style and evolution of the SFS is characterised by three distinct 
phases of deformation (Fig. 3.9): 
 
? Rift I (Triassic); activity on the SFS and triggering of mobilisation and flow 
salt across the fault system (Fig. 3.9A). Although salt flow during this period 
was modest, the primary control on the subsequent development of the 
Middle Jurassic-to-Early Cretaceous rift-related structural styles is the 
distribution of salt; which passes from hangingwall-restricted position in the 
north and extends onto the footwall in the south. 
 
? Rift II (Middle-to-Late Jurassic); basement-involved extension and forced 
folding of supra-salt strata, resulting in the development of a continuous, 
proto-hangingwall synclinal depocentre along the entire SFS (Fig. 3.9B). At 
this time, the geometry of the forced fold and associated proto-hangingwall 
depocentre varied along-strike, from a tight, narrow monocline in the north 
to a broad, open structure in the south. The along-strike change in fold 
style is interpreted to reflect an along-strike change in salt distribution. For 
example, a lack of salt in the north resulted in a relatively narrow zone of 
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folding, whereas in the south, salt presence over the SFS footwall resulted 
in a wider zone of folding. 
 
?  Rift III (Late Jurassic-to-Early Cretaceous); continued activity on the SFS 
resulted in surface-breaching of fault at its northern-end, and continued 
forced folding of the supra-salt strata along its southern-end (Fig. 3.9C). 
The abrupt transition between the two structural styles was marked by 
bifurcation of the SFS fault surface, which was directly related to the 
presence of salt in the footwall of the fault system (Fig. 3.9C). In addition, 
the initiation of (i) a supra-salt restricted footwall graben directly along the 
northern pinch-out of the salt, and (ii) a footwall restricted salt pillow is 
recognised (Fig. 3.9C). Perhaps most significantly, the growth of the supra-
salt restricted footwall graben is interpreted to be kinematically linked to the 
sub-salt restricted SFS, such the sub- and supra-salt faults can thus be 
regarded as a single, segmented fault, composed of brittle and ductile 
portions. 
 
2. The distribution and thickness of salt, namely its footwall presence forms the 
primary control on sub- to supra-salt linkage style during salt influenced fault 
growth; such that when footwall salt thickness = 0, a hard-linked structure will 
form, and when footwall salt thickness is > 0, a soft-linked/forced system will 
develop (Fig. 3.10). 
 
3. Sub- and supra-salt fault populations in a salt-influenced fault system form part of 
a single, geometrically coherent structure (Fig. 3.6), which are likely developed as 
a single, kinematically coherent, albeit segmented fault system (i.e. Walsh and 
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Watterson 1991) rather than by the process of incidental linkage between 
kinematically isolated segments (Fig. 3.10). 
 
4. The findings from this study complement previous studies, on salt-influenced fault 
growth; although highlight how the addition of geological heterogeneities, i.e. non-
uniform salt distribution, can dominate the structural style and evolution of a salt-
influenced fault system. In addition, results from this study may aid seismic 
interpretation in salt-influenced settings where salt distribution or thickness is 
difficult to define, and lacks well control or where the controlling footwall 
stratigraphy is missing. 
 
3.9. FIGURES 
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Fig. 3.1: Schematic diagrams illustrating the relationship between the style of sub- and supra-salt fault 
linkage and the displacement ratio (Dr), and normal fault growth in brittle systems (i.e. non-salt-influenced). 
(A) Forced, when the sub-salt fault offset is low relative to the salt thickness prior to fault growth (i.e. Dr >> 
1), a broad basinward dipping monocline is formed in the overlying supra-salt strata. (B) Soft-linked, when 
initial salt thickness is greater than the sub-salt fault throw (i.e. Dr > 1), note in this scenario fault throw in the 
sub- and supra-salt sequences are balanced, such that basement and cover fault segments are linked via a 
ductile detachment. (C) Hard-linked, when sub-salt fault throw is greater than initial salt thickness (i.e. Dr < 
1), a hard-linked, through-going fault is formed. Re-drawn from Stewart et al. (1996), and modified from 
Richardson et al. (2005). (D) Brittle fault growth, modified from chalk cliff at Danes Dyke. The upwardly 
propagating fault is shown to be refracted, c. 30°, as it passes through less competent material (i.e. shale), 
and forms a single coherent fault structure composed of both brittle and ductile portions. Note the scale of 
lateral offset (or step) between the non-colinear brittle fault segments (or the length scale of the ductile 
detachment) is orders of magnitude different compared to salt-influenced fault growth models. Adapted from 
Childs et al. (1996).
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is thin and carbonate-dominated in the footwall of the SHFS, and thick and halite-dominated in the 
hangingwall.
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Fig. 3.4 (overpage): Structural Framework. (A) Top Lower Permian, sub-salt time-structure map (left) and 
interpretation map (right). A = location of maximum throw on the Stavanger Fault System (SFS) at top Lower 
Permian level, c. 1000 ms (TWT); B = southern-tip of the SFS. (B) Top Lower-to-Upper Permian, Zechstein 
Supergroup, time-thickness map (left) and interpretation map (right). The Zechstein Supergroup 
time-thickness map is shown as an overlay to a grey-scaled top Lower Permian time-structure map for 
reference; in addition, opacity is applied to the lowest thickness values as they are interpreted as welded 
zones/ areas of near zero thickness. A = transition in ZSG pinch-out position, from a hangingwall position to 
a footwall position; B = 2-5 km wide salt weld, which limits the south-westerly extent of the ZSG adjacent to 
the SFS.  (C) Top Oxfordian, supra-salt, syn-rift time-structure map (left) and interpretation map (right). A = 
WSW-dipping, basement-involved, portion of the SFS; B = change in fault strike from NNW-SSE to E-W 
-striking as the supra-salt faults’ lower tip-line detaches from the basement-involved SFS; C = WNW-ESE 
striking syncline; D = salt-cored pericline, underlain by a salt wall; E = salt cored pericline, underlain by a 
footwall salt pillow. (D) Summary. Sub-salt, Top Lower Permian, and supra-salt, Top Oxfordian, fault polygon 
maps superimposed on each other, illustrating they variation in supra-salt fault-style (i.e. hard-linked or 
supra-salt restricted) and their spatial relationship. The three faults analysed in Fig. 3.7, SFS, Fault Y, and 
Fault Z are labelled and outlined in thick black. The orientation of the throw-distance analysis is also 
illustrated (i.e. A-B).
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Fig. 9 (overpage): Summary, temporal evolution of the SFS, and associated secondary structures. (A) 
Pre-rift tempate; this first interval, marks the period of large-scale salt mobilization, and configuration of the 
SFS structural template, prior to the Middle Jurassic-to-early Cretaceous rifting phase. Note the pinch-out 
position of the salt passes from a hangingwall restricted position along the fault systems northern portion, to 
a footwall position along its southern portion. (B) Rift pulse 1, Middle-to-Late Jurassic; Stratal Unit 2. This 
interval is characterised by basement-involved extension across the SFS, and monoclinal folding of 
overlying supra-salt stratigraphy. Monocline width is shown increase southwards along the SFS, in 
concordance with a southwards increase in width of the underlying hangingwall salt distribution. (C) Rift 
pulse 2, Late Jurassic-to-Early Cretaceous Stratal Unit 3. Increased in hangingwall driven subsidence along 
the entire SFS, and a significant change in the structural style of the overlying supra-salt strata; breaching of 
the supra-salt strata to the north, monocline rotation and onlap of sediments to the south, and formation of a 
12.5 km long, supra-salt restricted footwall graben system and growth of the footwall salt pillow.
Fig. 8 (previous page): Time-thickness (isochron) analysis Stratal Unit(s) 1-3. (A) Observed time-thickness 
distribution of Triassic-to-Middle Jurassic interval, Stratal Unit 1 (left), and interpretation of thickness 
variation (right). In general, thickness variation during Stratal Unit 1 indicates large-scale salt mobilization, 
and basement-involved, hangingwall subsidence along the SFS. A = thickening of Stratal Unit 1 along the 
SFS hangingwall reaches a maximum of c. 1200 ms (TWT). (B) Observed time-thickness distribution of 
Middle-to-Late Jurassic interval, Stratal Unit 2 (left), and interpretation of thickness variation (right). 
Thickness variation within the Stratal Unit 2 interval illustrates the formation of a series of basinward dipping 
monoclines along the SFS, and presence of un-deformed footwall. A = asymmetric depocentre, offset by c. 
1 km from the SFS; B = broad, thin depocentre, offset by c. 5 km from the sub-salt restricted SFS. (C) 
Observed time-thickness distribution of Late Jurassic-to-Early Cretaceous interval, Stratal Unit 3 (left), and 
interpretation of thickness variation (right). Significant change in thickness variation of Stratal Unit 3, 
compared to the underlying Stratal Unit 2, including (i) the surface breaching of the SFS along its northern 
portion, initiation and growth of (ii) a footwall salt pillow and (iii) a 12.5 km long, NW-SE striking footwall 
graben. A = southward extension of the underlying Stratal Unit 2 depocentre onto the SFS footwall. (D) 
Expansion Indices (EI). EI = hangingwall thickness/footwall thickness; EI > 1 corresponds to a period of fault 
growth. Breached northern end of the SFS (left); and Forced fold and footwall graben (i.e. Fault Y) (right). 
Labelled are the seismic horizons used for this calculation and there absolute ages (where available). The 
four time intervals were identified on changes in expansion index signature. The height values here are 
derived from the average hangingwall thickness for each respective interval. Absolute ages of C1, C2, and 
C2 are based on extrapolation between the lower and upper bounding, Base Cretaceous and top Upper 
Cretaceous strata respectively.
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Fig. 3.10: Controls on- and processes of- sub- to supra-salt fault growth. Figure illustrates the key findings 
in this paper; the relationship between (i) salt distribution prior to normal fault growth, and (ii) the subsequent 
post-rift linkage style between sub- and supra-salt strata. Firstly, the primary control on sub- to supra-salt 
fault linkage style is the presence of footwall salt presence prior to fault growth. Such that where footwall salt 
is absent; a hard-linked, basement-involved structure will form (i.e. A). Where salt is present on the pre-rift 
footwall, a supra-salt restricted cover fault/forced fold will form (i.e. B and C). These findings differ to those 
predicted by the displacement ratio (Dr) (Koyi et al. 1993); such that for a Dr < 1 a hard-linked structure is 
predicted. In contrast, this study shows that for a Dr << 1 (i.e. B and C) a soft-linked structure will develop, 
not a hard-linked structure. Secondly, sub- and supra-salt fault populations in this study are interpreted to 
grow, propagate and link as part of a single kinematically coherent fault system (i.e. Walsh and Watterson 
1991). The inference of kinematic coherence along-strike is fundamental to interpreting the process fault 
growth by soft-linkage (i.e. B and C) along the southern portion of the fault system. Strain between offset 
faults is focused preferentially along a single, large kilometre-scale base of salt detachment by process of 
tip-line bifurcation (a possible by-product of sub-salt fault tip restriction). The length scale of the detachment 
across the SFS is orders of magnitude greater (i.e. 102-103 m) than those typically demonstrated in 
non-salt-influenced faults (e.g. Walsh et al. 2003) (i.e. 10-2-101 m, Fig. 3.1D).
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CHAPTER 4
 
4. TECTONO-SEDIMENTARY DEVELOPMENT OF EARLY SYN-RIFT DEPOSITS: 
THE ABURA GRABEN, SUEZ RIFT, EGYPT 
 
4.1. INTRODUCTION 
 
During the early stages of rifting, basin structure is defined by numerous, isolated normal 
fault segments that bound depocentres typically a few kilometres long and few hundred 
metres deep, and characterised by low fault-related subsidence rates (Gupta et al. 1998; 
Cowie 1998; Cowie et al. 2000; Dawers and Underhill 2000). At this time, syn-rift 
deposits typically occur in relatively thin (c. < 150 m), wedge shaped units that are 
geometrically distinct from the broadly tabular stratigraphic units that characterise the 
underlying pre-rift succession (e.g. Prosser 1993; Gawthorpe et al. 1997; Corfield and 
Sharp 2000; Davies et al. 2000; Gawthorpe and Leeder 2000; Sharp et al. 2000). In 
addition, during the early stage of rifting, the volume of sediment supplied to the basin 
may match the rate of accommodation development and, as a consequence, limited 
intra-basin relief may develop, meaning that pre-existing relief and antecedent drainage 
systems may dominate sediment dispersal and facies distribution (e.g. Ravnås and 
Bondevik 1997; Ravnås et al. 1997; Dawers and Underhill 2000; Davies et al. 2000; 
Trudgill 2002; Jackson et al. 2006; Ford et al. 2013). Furthermore, the low tectonic 
dominance on deposition during early rifting may result in the sedimentary development 
of early syn-rift deposits being more strongly influenced by factors such as regional 
(eustatic) sea-level fluctuations (Gawthorpe et al. 1994; Gawthorpe and Leeder 2000), 
climate (Leeder et al. 1998), and the pre-existing depositional environment (Prosser 
1993; Leeder and Gawthorpe 1987; Alves et al. 2002). During the latter stages of rifting, 
activity becomes focused on a limited number of major, linked fault systems a few tens of 
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kilometres long, with several kilometres of throw. As a result, typically early formed 
depocentres subside and are buried beneath late syn-rift and post-rift deposits (e.g. 
Gupta et al. 1998; Ravnås and Steel 1998; Cowie et al. 2000; Gawthorpe and Leeder 
2000; Gawthorpe et al. 2003). As a result of this tectono-sedimentary evolution, which is 
characteristic of many rifts, the understanding of the detailed tectono-sedimentary 
evolution of early syn-rift deposits is poor compared to that of the late syn-rift deposits, 
because they often deeply buried, typically at or near the limit of seismic resolution, and 
sparsely sampled by borehole data in the subsurface.  
To improve the understanding of the structural style and sedimentary response of 
syn-rift strata during the early stages of rifting, exceptional, quasi-3D exposures of both 
late pre-rift and early syn-rift structures and associated stratigraphy in the Abura Graben, 
eastern Suez Rift, Egypt are studied (Fig. 4.1). The specific objectives of this study are 
to: (i) reconstruct the early syn-rift tectono-sedimentary evolution of an intra-fault block 
graben (the Abura Graben); and (ii) document the impact of normal fault growth on the 
detailed stratal architecture and facies variation. The results from this study demonstrate 
that firstly, the early tectono-sedimentary evolution of the Abura Graben is characterised 
by three sedimentologically and structurally distinct phases of deformation. Secondly, 
fault related folding and surface faulting markedly influence early syn-rift stratal 
architecture and detailed facies development. Lastly, variations in both base-level and 
antecedent drainage form a marked control on early syn-rift facies development.   
 
4.2. GEOLOGICAL SETTING
 
4.2.1. The Suez Rift
 
The Oligo-Miocene Suez Rift is characterised by a NW-SE-trending, 300 km long, up to 
80 km wide, failed-arm of the Cenozoic Red Sea rift system (Moustafa 2002). At its 
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northern end, the Suez Rift dies-out beneath the Nile Delta and in the south, it terminates 
against the NNE-trending, Gulf of Aquaba-Dead Sea Transform (Fig. 4.1A).  
 Six distinctive tectonic episodes punctuate the stratigraphic record of the Suez Rift 
area, and include the; (i) late Proterozoic Pan-African event, (ii) Cambrian extension 
event, (iii) Late Palaeozic, Hercynian event, (iv) Jurassic neo-Tethyan rift event, (v) Late 
Cretaceous-to-early Tertiary Syrian arc event, and lastly (vi) Oligo-Miocene rift event 
(Fig. 4.1D and E) (see Patton et al. 1994 for summary). The initiation of the Oligo-
Miocene rifting event was preceded by large-scale tectono-magmatic activity and 
associated regional uplift and doming centred in the Afar region (the Afar Dome; Avni et 
al. 2012); and resulted in the large-scale breakup of the north-eastern Afro-Arabian plate, 
and formation of the Red Sea–Suez Rift (e.g. Bosworth et al. 2005). 
 Present day, the shoulders of the rift are delineated by large, rhombic (zig-
zagging) style, normal fault systems with 2-5 km of throw, and internally the rift is 
characterised by c. 20 km wide normal fault-bound grabens and half grabens (Patton et
al. 1994) (Fig. 4.1B). In detail, the characteristic rhombic (zig-zagging) fault patterns are 
interpreted to develop by the contemporaneous movement and oblique re-activation of 
inherited discontinuities, and not due a change in extension direction during the Oligo-
Miocene (Colletta et al. 1988). Four distinct fault populations are documented in the rift 
and show varying amounts of both strike-slip and dip-slip motion, depending on the 
orientation relative to the principle, NE-SW direction of extension. In this study, three of 
the four distinct structural trends are observed, the (i) clysmic, (ii) Nubia, and (iii) Duwi 
trends (Moustafa and El Shaaarawy 1987; Abu Zeid 1985). The clysmic trend (310°-
340°) is the most significant trend across the rift and is broadly orientated parallel to the 
rift axis. The Nubia trend (350°-360°) is less significant, and mostly found at the 
termination of major rift blocks; where they commonly act as transfer faults that relay 
strain between en echelon clysmic faults (i.e. form breached relay structures)  (Montenat 
et al. 1988; Gibbs 1984; Patton et al. 1994). Lastly, the Duwi (c. 270°) trend is regionally 
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described as a weak transverse fault set. The major faults establish domains in there dip 
direction, subdividing the Suez Rift into three major structural dip-provinces (northern, 
central and southern), each separated by broad accommodation zones (Moustafa 1976; 
Colleta et al. 1988). 
 
4.2.2. The Hadahid Fault Block 
 
The Abura Graben lies within the Hadahid Fault Block, within the central dip province 
and is located on the eastern margin of the Suez Rift (Moustafa 1993; Moustafa and El-
Raey 1993) (Fig. 4.1). The Hadahid Fault Block is a 30 km long by 10 km wide half-
graben, bound to the east by two large (up to 1.3 km throw) normal fault systems; the 
NW-SE-striking Gebel El Turr Fault, and the N-S-striking Gebah Fault (Whipp 2011) (Fig. 
4.1). The N-S-striking Gebah Fault acts as a hard-linkage, cross fault between the basin 
bounding Sinai Massif Fault to the southeast and the Gebel El Turr Fault (Bosworth & 
McClay 1998) (Fig. 4.1). To the west and southwest, the fault block is delineated by the 
Hadahid Fault System, a c. 30 km long, broadly NW-SE striking, SW-dipping segmented 
normal fault system, which has a maximum throw of c. 2-3 km in the south and 
decreases progressively northwards to its tip (Moustafa 1993; Moustafa and El-Raey 
1993; Whipp 2011) (Fig. 4.1). The Hadahid Fault Block is internally sub-divided into three 
sub-blocks; the Eastern, Central and Western sub-blocks (Moustafa and El-Raey 1993) 
(Fig. 4.1). The Central sub-block is a NNW- to NW-trending, relatively flat-lying graben, 
which is located in the centre of the Hadahid Fault Block. The Abura Graben, which 
forms the focus of this study, is situated at the southern end of the Central sub-block 
(Figs 4.1 and 4.2). 
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Stratigraphic framework 
The late pre-rift stratigraphy within the Suez Rift is Palaeocene and Eocene in age and 
composed of a mixed carbonate-mudstone (190 m thick) marine succession comprising 
the Esna, Thebes, Darat, and Mokattam formations (Figs 4.1D and 4.2). Due to the 
combination of Late Oligocene regional uplift and doming (i.e. the Afar Dome; Avni et al. 
2012), and a regional fall in eustatic sea-level (Haq 1987; Miller et al. 2005), pre-rift 
strata are unconformably overlain by an Oligo-Miocene, net-transgressive, clastic-
dominated, early syn-rift succession. This succession comprises, at the base the non-
marine Abu Zenima Formation (age 24-21.5 Ma), which is overlain by the marginal 
marine Nukhul Formation (age 21.5-19.7 Ma) and the open marine Rudeis Formation 
(19.7-15.5 Ma), ages based on Patton et al. (1994) and Krebs et al. (1997) (Figs 4.1E, 
4.2 and 4.3). The Abu Zenima and Nukhul formations are interpreted to have been 
deposited during the ‘rift-initiation’ (sensu Prosser 1993) period when subsidence rates 
were low, fault-bound depocentres were small (c. 2-4 km long) and isolated, and 
sediment transport was strongly influenced by antecedent drainage systems (Sharp et al. 
2000; Jackson et al. 2002; Carr et al. 2003; Gawthorpe et al. 2003) (Fig. 4.3).  In 
contrast, the Rudeis Formation is interpreted to have been deposited during the ‘rift-
climax’ (sensu Prosser 1993), at a time when subsidence rates were high, fault-bound 
depocentres were large (c. 20-30 km long), and sediment transport occurred in well 
established, predominantly axial (i.e. rift-parallel) drainage systems (Garfunkel and 
Bartov 1977; Richardson and Arthur 1988; Steckler et al. 1988; Patton et al. 1994, Krebs 
et al. 1997; Gupta et al. 1999) (Fig. 4.3).  
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4.2.3. The Abura Graben 
 
Structural style  
The Abura Graben is a NNW-trending, c. 2.5-3.5 km wide graben, bound to the east by 
the NNW-SSE-striking East Gordi Fault, the west by the West Gordi Fault and to the 
south by the Hadahid Fault System (Figs 4.1 and 4.2). The East Gordi Fault is a broadly 
NNW-SSE striking, c. 60° W-dipping, 16 km long normal fault. The northern tip of the 
East Gordi Fault is located within the centre of the Hadahid Fault Block and throw 
increases southwards, reaching c. 1 km at the southern end of the Abura Graben (Figs 
4.1 and 4.2). The West Gordi Fault is a NNW-SSE-striking, E-dipping (c. 60°), c. 8 km 
long normal fault. The northern-tip of the West Gordi Fault is located within the centre of 
the Hadahid Fault block, and the throw on this structure increases southwards to c. 500 
m (Figs 4.1 and 4.2). The southern end of the West Gordi Fault splays into a 400 m wide, 
highly segmented fault system which is composed of several sub-parallel, NW-SE-
striking up to 400 m long normal fault segments (Whipp 2011) (Fig. 4.2). The Hadahid 
Fault System defines the southern boundary of the Abura Graben, although this structure 
is not exposed at-surface (Fig. 4.2). The southern end of the Abura Graben is marked by 
a change in bedding orientation in both pre- and syn-rift strata from, gently dipping (10-
20°E) NE-SW-striking to moderately dipping (30-40°S) E-W-striking; the southern end of 
the Abura Graben forms a basinward-dipping monocline limb that is parallel to the 
Hadahid Fault System (Fig. 4.2). In addition, the change in bedding orientation and 
increase in dip also appears to be somehow related to the herein named South Gordi 
Fault, which strikes E-W, dips steeply (c. 65°) to the S and which is truncated at its 
eastern end by the West Gordi Fault (Fig. 4.2).  
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Local stratigraphic framework  
The detailed biostratigraphic ages, i.e. 21.1 Ma (T05) and 19.7 Ma (T10), of the regional 
flooding surfaces defined in Krebs et al. (1997) have not been accurately tied and 
identified within the Abura Graben. For this reason, locally defined stratal bounding 
surfaces are used to describe the c. 90 m thick early syn-rift succession within the study 
area (Fig. 4.3). The succession is bound below by the regionally recognised 
unconformity, T00, and above by a locally defined flooding surface, FS20 (Fig. 4.3). 
Internally, two locally defined flooding surfaces, FS05 and FS10 are used to define three 
stratal units, SU1, SU2 and SU3. Within SU2 and SU3, these units are further sub-
divided, i.e. into SU...‘a’ and ‘b’, by locally recognised marine erosion surfaces RS10 and 
RS20, respectively (Fig. 4.3).  
Stratal Unit 1 is 0-15 m thick and consists exclusively of fluvial-alluvial deposits. 
Stratal Unit 2 is 8-58 m thick, and in the axis of the Abura Graben is composed of a 
shallow marine mouth bar succession, and overlain, above RS10, by bioclastic shallow 
marine deposits (Fig. 4.3). To the east and towards the graben margin, this unit passes 
laterally into and inter-fingers with, shallow marine conglomerates adjacent to the 
graben-bounding East Gordi Fault. Stratal Unit 3 is 12-30 m in thickness. In the axis of 
the Abura Graben, SU3 consists of sharp-based, bioclastic shallow marine deposits, 
which, in a similar manner to SU2, inter-finger towards the east with shallow marine 
conglomeratic deposits adjacent to the graben-bounding East Gordi Fault.  
 
4.3. FACIES ASSOCIATIONS
 
The sedimentary facies that form the building blocks for the early syn-rift succession in 
the Abura Graben are sub-divided into four facies associations: Facies association A 
(FaA) – fluvial-alluvial; Facies association B (FaB) – fluvial-dominated mouth bar; Facies 
association C (FaC) – shallow marine to offshore; and Facies association D (FaD) – fan
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delta  (summarised in Fig. 4.4). Each of the facies associations are described and 
interpreted below: 
 
4.3.1. Facies association A – fluvial-alluvial 
Description
Facies association A (FaA) is up to 14.5 m thick and is comprised of two facies, facies 
A1 and A2 (Fig. 4.5A). Facies A1 is a red, fine-grained, structureless silty mudstone and 
accounts for 20% of FaA, and forms up to 2.7 m thick, 200 m wide, channelised-to sheet-
like bodies (Fig. 4.5A and B). The lower and upper boundaries of facies A1 are sharp 
and predominantly concave-up and concave down, respectively. Furthermore, this facies 
overlies truncated strata, and is itself truncated by overlying strata, i.e. facies A2 (Fig. 
4.5A).  
Facies A2 is comprised of intercalated pebble- to cobble-grade, matrix-supported 
conglomerates and medium sand grade structureless sandstones, and accounts for 80% 
of FaA. Facies A2 forms either laterally continuous, up to 7 m thick, or discontinuous 
sheet-to-channel-like bodies (Fig. 4.5). Clasts are composed primarily (c. 95 %) of pre-rift 
limestone (i.e. Mokattam and Darat formations) with minor occurrences (c. 5 %) of chert 
clasts presumably derived from the pre-rift Thebes Formation (Fig. 4.5B, C and D). The 
lower bounding surface of facies A2 is typically sharp and erosional, and the upper 
bounding surface is sharp and bedding parallel (Fig. 4.5). Weak, low-angle surfaces are 
identified in facies A2 and these are defined by thin (< 10 cm), relatively fine-grained (i.e. 
medium sandstone) bodies (Fig. 4.5A, C and D). Facies association A sharply and 
erosively overlies pre-rift carbonates (Mokattam Formation), and is itself sharply overlain 
by shallow marine mudstones across a planar contact (facies C3) (Fig. 4.5A).  
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Interpretation
The lack of marine body fossils or shelly debris or trace fossils and presence of red, 
probably ferruginous mudstones, suggests FaA was most likely deposited in a sub aerial 
environment. The erosive basal surface and the presence of erosion surfaces within 
facies A2 document repeated episodes of erosion and fill, which is typical of poorly 
organised, braided fluvial channel systems (e.g. Bridge 1993). It is interpreted that the 
fine-grained, structureless silty mudstones were deposited in a low energy environment, 
predominantly by suspension fall-out; the channel-like form of A1 suggest it filled 
abandoned channels, i.e. they represent a ‘mud-plug’. The paucity of chert clasts within 
FaA suggests sediments were largely derived from the uppermost 70-130 m of the pre-
rift succession (i.e. Mokattam and Darat formations) as the Thebes Formation contains 
abundant chert nodules.  
 
4.3.2. Facies association B – distributary channel mouth bar  
 
Description
Facies association B (FaB) is up to 8 m thick and is comprised of one facies (facies B1) 
(Figs 4.6 and 4.7). Facies B1 is composed of a fine-grained, well-sorted sandstone 
containing planar- and ripple cross-lamination and trough cross-bedding (Figs 4.6A and 
B). Bioturbation is absent and soft-sediment deformation is common. Individual bodies of 
FaB pass laterally into laminated and current-rippled, sharp-based, upward-fining beds of 
fine-grained sandstone, before eventually passing into shallow marine mudstones (facies 
C3) (Fig. 4.6C). Palaeocurrent data from low-angle, planar trough cross-beds indicate 
sediment transport towards the S- to SE. In map-view, FaB forms elongate bodies > 
2000 m long with an aspect ratio c. 0.4, which have a broadly NE-SW-orientated long-
axis (Fig. 4.13). Successive bodies of FaB, are separated by shallow marine mudstones 
(facies C3) and are laterally offset-stacked from one another (e.g. Fig. 4.13). In the 
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southern part of the Abura Graben, and away from the main depositional axis, the lower 
bounding surface of FaB is sharp or gradational and clinoforms are locally well 
developed and individual clinothems decrease in dip and pinch-out into underlying 
mudstones of facies C3.  In contrast, in the north of the Abura Graben and towards the 
depositional axis, the basal surface is erosive and concave-up, cutting down into 
underlying mudstones (i.e. facies C3), and is overlain by a breccia-lag composed 
primarily of oyster fragments and granular-sized carbonate lithoclasts (Fig. 4.6D).  
 
Interpretation
Based on the presence of bioclasts, and the lateral and vertical association with fully 
marine facies C3, it suggests that FaB was deposited in a shallow marine environment. 
The presence of current ripples and parallel laminations indicate the process of 
deposition was dominate by uni-directional flow conditions of varying lower to upper flow 
regime conditions, respectively. The lack of bioturbation and prevalence of soft-sediment 
deformation is consistent with an interpretation that depositional energy and sediment 
accumulation rate was high. Unidirectional flows and high sedimentation rates suggest 
by observation structures in FaB are typical of mouths of a river channel and associated 
deposition at mouth bars, which is also consistent with the elongate, high aspect ratio of 
individual bodies (e.g. Wright 1977). Furthermore, the interpretation that deposition 
occurred by turbulent, possibly hyperpycnal flows is interpreted to be associated with the 
proximal-to-medial parts of a distributary channel mouth bar environment, sourced from 
the NE- to E (i.e. rift shoulder). This is characterised by low lateral spreading angles, i.e. 
elongate nature, of the sand body and progressive down-dip (i.e. from NE to SW) 
transition from an erosional, down-cutting basal surface to a conformable representing a 
loss in inertia and flow deceleration down-dip (Wright 1977). In addition, the off-axis 
transition into finer-grained facies via clinoform surfaces (each separated by a mudstone 
drape) illustrates that sediments were transported into the graben in high-discharge flood 
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pulses, separated by periods of low discharge and bioturbation (Schomacker et al. 
2010). Based on the offset stacked, compensational nature of the sand bodies, the 
abrupt lateral and vertical termination of the sand-bodies is interpreted to result from the 
process of distributary channel avulsion.  
   
4.3.3. Facies association C – shallow marine to offshore  
Description
Facies association C (FaC) is up to 36 m thick and is comprised of three facies (facies 
C1, C2 and C3). Facies C1 is a poorly cemented, bioclastic sandstone that contains 
gastropods, coral, oysters and pectin. No primary sedimentary structures are present in 
facies C1. This facies accounts for the smallest portion of FaC (c. 3 %) and forms 
laterally continuous, sheet-like bodies up to 4.5 m thick and < 1 km in extent. The lower 
and upper boundaries of facies C1 are sharp, and this facies overlies and is overlain by 
facies C2 and C3, respectively.  
Facies C2 consists of fine- to medium-grained, variably cemented, bioclastic 
sandstone and accounts for c. 27 % of FaC. This facies commonly forms sharp-based, 
upward coarsening bodies 2-5 m thick that are laterally continuous for a distance > 1 km. 
Bounding surfaces are generally sharp with the lower surface overlain by a shell-rich lag. 
Facies C2 is intensively bioturbated throughout with Ophiomorpha and Thalassinoides 
recognised, but sedimentary structures are poorly developed, with rare < 30 cm sets of  
trough-cross bedding is locally observed in the uppermost portions of beds where 
bioturbation is occasionally less intense (Fig. 4.8B). Shelly debris and minor occurrences 
of rounded, pre-rift-derived pebbles are found throughout facies C2. The proportion of 
shelly debris and the degree of cementation increases upward within upward-coarsening 
bodies. Facies C2 overlies and is overlain by massive to laminated mudstones (facies 
C3) in the graben axis and coarse-grained conglomerates (facies D1) towards the 
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eastern margin of the graben. Well-developed, 5-15 m high, southwards-dipping 
clinoforms are occasionally well-developed in facies C2 (Fig. 4.8A) 
Mudstone-dominated bodies of facies C3 account for the remaining portion of FaC 
(c. 70%) and are laterally continuous (> 1 km) and are up to 10 m thick. Facies C3 
sharply overlies the other syn-rift facies associations and, locally, pre-rift carbonates, and 
is sharply or erosively overlain by fan delta to delta front facies (facies D1 and D2) and 
fine- to medium-grained bioclastic shoreface sandstones (facies C2). The mudstones are 
typically structureless, although minor occurrences of faint mm-scale parallel lamination 
locally occur. Indistinct Planolites and Chondrites traces and rare, fine-grained shelly 
fragments are locally observed in facies C3.  
 
Interpretation
The presence of marine fauna and level of bioturbation in FaC suggests deposition in a 
shallow marine environment; however, the lack of sedimentary structures makes a 
precise interpretation of water depth difficult. The absence of coarse clastic material 
within facies C1 and high proportion of biogenic grains suggests low clastic sediment 
accumulation rates and based on its association with underlying shoreface facies (facies 
C2) and overlying offshore facies (facies C3), facies C1 is interpreted as a transgressive 
body deposited during a period of relative sea-level rise, where the rate of sea-level rise 
outpaced clastic sediment supply. 
Bioclastic material within facies C2 is likely to have been derived from benthic 
fauna in a contemporaneous nearshore, shallow marine setting which was fragmented 
during subsequent transport. Based on the development of the overall upward-
coarsening motif, the laterally continuous nature of beds, and the abundance of shallow 
marine ichnotraces, a shoreface interpretation is most appropriate for facies C2. The 
upward increase in grain size, shelly material and decrease in bioturbation is interpreted 
to reflect an upward increase in depositional energy related to a decrease in water depth 
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associated with shoreline progradation. The lack of sedimentary structures in facies C2 
makes an interpretation of the precise water depth difficult, however, based on the 
presence of 5-15 m high clinoforms, it is speculated that water depth was of a similar 
magnitude. In addition, the presence of sharp-based surfaces at the base of sandbodies 
and the overlying shell-lag suggests that deposition during forced regressions may have 
been common at this time (e.g. Gawthorpe et al. 1997; Sharp et al. 2000; Carr et al. 
2003; Jackson et al. 2005).  
The fine grain size, structureless nature, Planolites and Chontrites ichnotaxa and 
rare fine-grained shelly debris in facies C3 suggest it was deposited in a low-energy, 
distal lower shoreface to offshore environment by suspension fall-out. In addition, the 
presence of rare ichnotaxa may signify deposition in anoxic, dysaerobic prone waters 
just below the sediment-water interface. 
 
4.3.4. Facies association D – fan delta 
Description
Facies association D (FaD) is up to c. 30 m thick and is comprised of two facies (facies 
D1 and D2; Fig. 4.9). Facies D1 is characterised by structureless, clast to matrix-
supported conglomerates, and accounts for 95 % of FaD (Fig. 4.8A and B). Facies D1 
commonly ranges in thickness from 0.5 to 8 m and forms sheet-like bodies, > 1 km 
parallel-to and < 500 m perpendicular-to fault strike (Fig. 4.21). Basal bedding contacts 
are sharp, erosive, and generally planar but occasionally weakly channelized (Fig. 4.9A, 
C and E). Individual conglomeratic beds are massive, poorly sorted, and vary laterally 
from clast- to matrix-supported over a horizontal distances of 50-200 m. Where beds are 
matrix-supported, the matrix varies from coarse sand to gravel. Clasts are up to boulder 
size (up to 70 cm) in diameter and, more commonly, average 30 cm (cobble-to-pebble 
sized). Some clasts are bored, and these clasts are generally sub-rounded to sub-
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angular and comprise pre-rift (Eocene) chert (70 %) and limestone (30 %) (Fig. 4.9D). 
The thickest beds of D1 are located adjacent to the East Gordi Fault and these thin and 
pinch-out westwards into the Abura Graben where they interfinger with significantly finer-
grained, shallow marine to offshore facies (facies C2 and C3) (Fig. 4.9C). Towards the 
graben axis, where beds are thin (i.e. < 30 cm), they are composed of pebble- and 
bioclast-rich debris. 
Facies D2 accounts for the remaining proportion of FaD (5 %) and it is composed 
of highly bioturbated (Thalassinoides), structureless, lenticular-shaped beds of fine- to 
medium-grained sandstone.  The sandstones contain rare, weakly defined, decimetre-
scale bedding, and floating granules, pebbles and shelly-debris (Fig. 4.9E). The 
sandstones pass laterally (c. 200-300 m) into facies D1 conglomerates and are 
characterised by sharp basal and upper surfaces.  
 
Interpretation
The lateral association of FaD with shoreface facies C2 and distal lower shoreface to 
offshore facies C3, and the presence of bioturbated, finer-grained, shell-bearing intervals 
suggest FaD was likely deposited in a shallow marine environment. The sharp basal 
surface, very coarse (conglomeratic) grain-size, lack of sorting and the presence of a 
mud-poor matrix suggests deposition of facies D1 may have been by high-density, 
cohesionless debris flow (e.g. Young et al. 2000), where the coarse-grained matrix 
provided sufficient strength and buoyancy to support the clasts during transport. The 
westwards decrease in bed thickness and transition into finer-grained, more distal 
deposits is interpreted to reflect a westwards sediment transport direction, implying that 
sediment was sourced from the rift shoulder. In addition, the moderate degree of clast-
rounding and presence of shallow marine surface borings suggests an element of clast 
reworking, that includes coastal reworking prior to deposition. Furthermore, the apparent 
absence of clinoforms and relatively low bedset thickness (i.e. < 8 m), suggests that D1 
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was deposited in only a few 10’s of metres water depth. Based on these observations, it 
suggests that FaD was deposited in a coarse-grained, shoal water-type fan delta, 
dominated by coarse-grained debris flows related to periods of high fluvial discharge. 
The intercalated, medium-grained, bioturbated sands (i.e. facies D2) may document 
periods of low fluvial discharge and/or lateral switching of the site of delta lobe 
deposition, when relatively low-energy condition permitted colonisation and bioturbation 
of the sediment.  
4.4. TECTONO-SEDIMENTARY DEVELOPMENT OF THE ABURA GRABEN 
In this section the early syn-rift development of the Abura Graben is reconstructed by 
analysing the spatial variation in stratal thickness and internal facies architecture with 
respect to the faults and folds in the study area, within each of the three stratal units (i.e. 
SU1-SU3).  
 
4.4.1. Stratal Unit 1 
 
Observations
Stratal Unit 1 consists exclusively of FaA (Figs 4.4 and 4.5). Its lower boundary is the 
pre-rift/syn-rift unconformity, T00, and its upper boundary is a prominent marine flooding 
surface, FS05 (Fig. 4.3). The magnitude of erosion along the pre-rift/syn-rift unconformity 
varies significantly across the Abura Graben. In general, the magnitude of erosion into 
pre-rift strata of the Mokattam Formation decreases southward, such that an additional c. 
25 m of pre-rift stratigraphy is preserved in the south of the graben compared to the north 
(Fig. 4.10). In detail, local variations in incision are observed, and these define 
approximately N-S- to NE-SW-trending, valley-like features up to 10 m deep and 200 m 
wide (Figs 4.10B and 4.16). Spatial variations in the thickness of SU1 are also 
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pronounced in a north-south direction, for example in the north SU1 is very thin-to-absent 
and thickens southward to a maximum 14.5 m (Fig. 4.10A). Across the graben, log data 
also show a westward decrease of c. 9.5 m in stratal thickness, from 14.5 m to 5 m over 
a distance of c. 450 m, from the graben axis towards the West Gordi Fault (Fig. 4.11). In 
addition, there is also an abrupt increase in the degree of angularity (from c. 2-3° to c. 
15°) between the lower and upper bounding surfaces of SU1, at the southern end of the 
graben, south of the projected South Gordi Fault trace (Y, Figs 4.14A and 4.15). 
Although an increase in the thickness of SU1 south of point Y, Fig. 4.14A is not directly 
observed, given the marked angular discordance of c. 15° between the bounding 
surfaces, SU1 is interpreted to increase in thickness by c. 100 m over a distance of 500 
m southward from this point.  
In general, a decrease in stratal unit thickness coincides with a decrease in the 
proportion of fine-grained facies (facies A1) to coarse-grained (facies A2) facies (Figs 
4.10A, 4.11 and 4.16). For example, in the axis of the graben, SU1 thins westwards 
towards the West Gordi Fault from 14.5 m (log 15) to 5 m (log 16) over a distance of c. 
450 m, and the proportion of fine-grained facies (principally overbank mudstones; facies 
A1) decreases from c. 45 % to 0 % (Fig. 4.10A).  
 
Interpretation
Based on the observation that syn-rift strata thin towards and onlap onto eroded and 
tilted pre-rift strata towards the present-day West Gordi Fault (Fig. 4.11), and northwards 
along the graben axis (Fig. 4.10A; Y, Figs 4.14A and 4.15), it is interpreted that rift 
initiation during the Late Oligocene was accommodated by the initiation of activity on the 
West and South Gordi faults; coupled with a regional base-level fall, and sub-aerial 
exposure and up to 25 m of incision of pre-rift rocks (Fig. 4.12). Direct evidence for 
activity on the East Gordi Fault is not available at outcrop; however given the present-
day, E-dipping structural style of the Abura Graben, this structure is interpreted to be 
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active at this time and of a similar scale to the West Gordi Fault. In addition, based on 
observations of stratal onlap and erosion, it is interpreted that, the East and West Gordi 
faults were blind and did not breach the depositional surface, and were instead 
represented by at-surface by monoclinal forced folds (Fig. 4.12). Gradual thickening of 
SU1 southwards suggests that the graben bounding East (?) and West Gordi faults 
increased in fault throw southwards (Fig. 4.12). Furthermore, given the southwards 
increase in fault throw, the graben is interpreted to continue into the future hangingwall of 
the Hadahid Fault System. The increase in stratal thickness observed into the South 
Gordi Fault proto-hangingwall (Y, Figs 4.14 and Fig. 4.15) is interpreted to represent the 
initiation of fault-related subsidence on the non-surface breaching (i.e. blind) South Gordi 
Fault during deposition of SU1 (Fig. 4.12). Due to the limited outcrop exposure to the 
south, it is unknown if the HFS was active or inactive at this time. 
The scale, orientation and location of the shallow incised valleys observed toward 
the north of the graben suggest the fluvial-alluvial sediments that comprise SU1 are 
sourced from the rift shoulder to the E and NE, and transported S to SW across the 
Abura Graben via a series of shallow valleys (cf. Jackson et al. 2006) (Figs 4.10B and 
4.12). The presence of Thebes Formation-derived chert clasts in SU1 suggests local 
sourcing of sediment from the immediate footwalls of the East and West Gordi faults is 
unlikely. The rational for this interpretation is based on the mis-match between the 
magnitude of incision required to erode down to the Thebes Formation (i.e. 120 m), and 
the magnitude of footwall uplift expected for a fault with only c. 15 m of throw. The 
decrease in thickness and increased proportion of coarse-grained conglomeratic bodies 
towards the graben bounding structures is interpreted to represent increased onlap and 
truncation of finer grained facies towards these structures during progressive phases of 
sub-surface faulting and associated surface folding (sensu Sharp et al. 2000). 
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4.4.2. Stratal Unit 2 
 
Observations
Stratal Unit 2 is bounded above and below by major flooding surfaces, FS05 and FS10, 
respectively (Fig. 4.3). The presence of a marine erosion surface, RS10, in SU2 allows 
the unit to be divided into two sub-units (SU2a and b) (Fig. 4.3). Stratal Unit 2a is 
composed predominantly of shallow marine silty-mudstones (i.e. facies C3) and fluvial-
dominated mouth-bar deposits (i.e. FaB), whereas SU2b is composed of bioclastic 
shoreface (facies C1 and C2) deposits along the graben axis and fan delta 
conglomerates (i.e. FaD) adjacent to the East Gordi Fault (Fig. 4.4).  
Stratal Unit 2a is principally exposed in the west of the study area (Fig. 4.2), and 
ranges in thickness from a minimum of 6 m in the north of the graben to a maximum of 
52 m in the south (Figs 4.10A and 4.13A). In general, the spatial variation in thickness of 
SU2a can be split into a northern and southern domain (Fig. 4.13A). In the northern 
domain, SU2a thickens south-eastward by c. 34 m over a distance of 1.6 km, from a 
minimum of 6 m to an average of c. 40 m (Fig 4.13A). Although SU2a is not exposed 
directly adjacent to the East and West Gordi Faults, the available data suggest a 
decrease in unit thickness westwards towards the West Gordi Fault (Figs 4.11, 4.13A 
and 4.18). In contrast, the southern domain is characterised by a change in orientation 
and style of thickness variation. In the western portion of this domain, SU2a increases in 
thickness southwards across the South Gordi Fault from 24 m to 44 m, over a distance of 
400 m (Figs 4.13A, 4.15, and 4.16). Furthermore, abrupt thickness variations of up to c. 
20 m (Figs 4.13A, 4.17 and 4.18) occur across a series of NNW-SSE-striking normal 
faults that are developed in the area between the northern and southern domains (Fig. 
4.13A). Furthermore, these N-S-striking faults are restricted to beneath the upper 
bounding surface of SU2a (i.e. RS10) (Figs 4.17 and 4.18). 
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Within SU2a, ten sharp-based, lobate, mouth-bar sandbodies (FaB) are identified, 
each of which are bound below and above by abrupt changes in grain-size (Fig. 4.10A). 
The sandbodies vary in thickness from 0-8 m and form broadly NW-SE elongate bodies 
that pinch-out westwards towards the West Gordi Fault and thin eastwards towards the 
East Gordi Fault (Figs 4.11, 4.13 and 4.18). The basal surface of individual sandbodies 
changes in character from erosive and concave-up in the north, to sharp and bedding 
parallel in the south (Figs 4.10A, 4.15 and 4.16). Four of the ten sandbodies can be 
correlated across the graben (A, B, C and D) (Figs 4.7, 4.10A, 4.13 and 4.14). 
Sandbodies A and D are up to 1.6 m (Fig. 4.13B and E), and sandbodies B and C are up 
to 8 m thick (Fig. 4.13C and D); sandbodies A and C form NE-SW-trending, broadly 
lobate bodies, whereas the overlying sandbodies B and D form N-S-trending bodies that 
are thin where the underlying bodies are thick (Figs 4.10A and 4.13). Shallow marine 
mudstones (facies C3) in SU2a thicken abruptly across a series of broadly N-S-striking 
faults, and the sharp-based sandbodies (facies B1) that these mudstones encase are 
only present in the hangingwalls of the faults (Figs 4.13A, 4.17, and 4.18).  
Stratal Unit 2b is documented in all logged sections across the Abura Graben and 
displays a southward increase in thickness from 2 m to 10 m (Figs 4.10A, 4.15 and 4.16). 
Thickness variation of SU2b can be split into northern and southern domains in a similar 
manner to SU2a (i.e. Fig. 4.13A). In the northern domain, the unit thickens gradually 
south-eastward from c. 2 m in the north to c. 6 m over a distance of c. 1.6 km (Fig. 
4.10A). In the northern domain, this variation in thickness appears to be absent, but 
adjacent to the East Gordi Fault, our log data suggests local thinning towards this 
structure, although confidently identifying the basal RS10 surface and hence constraining 
the unit thickness in this location is difficult (Fig. 4.21B). In the southern domain SU2b is 
characterised by a more rapid southward increase in thickness across the South Gordi 
Fault, from 6 m to 10 m over a distance of c. 250 m (Figs 4.10A, 4.15, and 4.16). Across 
the graben, the thickness of SU2b decreases westwards from 6 m to 2 m over a distance 
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of 450 m, towards the West Gordi Fault (Fig. 4.11). In contrast to SU2a, no abrupt 
thickness variations are observed in SU2b across any of the normal fault segments 
located in the graben axis (Figs 4.17 and 4.18). 
The facies architecture of SU2b varies across the graben. Shoreface facies 
(facies C1 and C2) are confined to the graben axis and pass eastwards and northwards 
into a c. 500 m wide zone of coarse-grained conglomerates (facies D1 and D2) 
immediately adjacent to the East Gordi Fault (Figs 4.10A, 4.21A and B). Along the 
graben axis, the southwards increase in thickness is accompanied by a facies change, 
passing from facies D1 in the north to facies C2 in the south; however, the majority of 
thickness is accommodated by the southwards-expansion of a wedge of very bioclastic 
sandstone (i.e. facies C1) (Figs 4.10A, 4.15 and 4.16). In the southern-most part of the 
study area, the abrupt change in thickness of SU2b across the inferred location of the 
South Gordi Fault is accommodated by a southward increase in the thickness of 
mudstone (i.e. facies B3) between shallow marine sandstones (X, Figs 4.15 and 4.16).  
 
Interpretation
Continued thinning of syn-rift strata toward the East, West and South Gordi faults 
illustrates these graben defining structures continued to be non-surface breaching, and 
represented at-surface by synthetic-dipping monoclines (Fig. 4.19). The presence of 
shallow marine facies is interpreted to record a base-level rise and the initiation of 
shallow marine conditions across the Abura Graben. Similar to the underlying SU1, the 
southwards increase in stratal unit thickness along the Abura Graben is interpreted to 
represent an overall southwards increase in throw on the graben bounding East and 
West Gordi faults (Fig. 4.19). In contrast to SU1, thickening of SU2 southwards across 
the non-surface breaching South Gordi Fault by c. 20 m over 400 m is of a lower 
magnitude compared to a thickening of c. 100 m over 500 m observed for the underlying 
SU1; indicating the South Gordi Fault only had a minor/reduced influence on the 
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physiography of the Abura Graben (Fig. 4.19). Furthermore, abrupt cross-fault thickness 
variations indicate that relatively small (c. 20 m throw) faults were active within the 
graben and breached the free surface during deposition of the lower part of SU2 (i.e. 
during SU2a times). 
A series of river-dominated mouthbars were deposited in the Abura Graben during 
deposition of SU2a. Based on the broadly NNE-SSW elongate aspect of these bodies, 
the southward change in the nature of their basal surfaces from erosional to 
conformable, and the SW-directed palaeo-current data, it is interpreted that the rivers 
that fed these deltas were sourced from the rift shoulder to the E and NE (Fig. 4.19). 
Compensational stacking of deltaic deposits represented by sandbodies A-D (i.e. Fig. 
4.13), and the abrupt lateral termination of individual deltaic mouthbars is interpreted to 
reflect avulsion of the up-dip distributary channels (Fig. 4.19). Their confinement to the 
graben axis and north-south orientation suggests that the graben-bounding structures, 
whether surface-breaching or blind, were active at this time (Fig. 4.19). The apparent 
absence of wave influence in shallow marine sandstone deposits of SU2a suggests that 
the Abura Graben was a relatively confined, shallow waterbody with a limited fetch, 
dominated by fluvial processes. Furthermore, the lack of tidal indicators suggests that, 
even though the basin was relatively sheltered, the influence of tidal energy may have 
been low.  
The abrupt upward change from deltaic to shoreface and conglomeratic deposits 
(SU2b) is interpreted to reflect a base-level fall and a basinward shift in facies (i.e. from 
facies C3- to facies C2), marked by a marine erosion surface (RS10) and progradation of 
a fan delta into the eastern and northern parts of the Abura Graben (Fig. 4.19). The fan 
delta conglomerates and associated bioturbated fine-grained sandstones are interpreted 
to form the toe-set of a larger fan delta sourced from the rift shoulder and not locally 
sourced from the immediate footwall of the East Gordi Fault (Fig. 4.19). Derivation of 
material from the rift shoulder rather than an intra-basin source is favoured based on the 
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high proportion (c. 70 %) of Thebes Formation-derived clasts. A local source, i.e. from 
the East Gordi Fault, is rejected, as a fault-throw of c. 100 m (value derived from the 
thickness of sediment preserved in the axis of the graben) on the East Gordi Fault is 
unlikely to result in the footwall uplift required of c. 130 m to incise down-to the Thebes 
Formation. During deposition of SU2b, the Abura Graben continued to form a 
southwards-plunging depositional syncline, which is recorded by the southwards 
expansion of the facies C1 (Fig. 4.19). In addition, thickening of strata and development 
of a southward-expanding mudstone wedge south (Figs 4.15 and 4.16) of the projected 
trace of the South Gordi Fault indicates minor movement on the E-W-striking South 
Gordi Fault, which is interpreted to have continued during deposition of the SU2b.  
 
4.4.3. Stratal Unit 3
 
Observations
The lower and upper bounding surfaces of SU3 are marked by major marine flooding 
surfaces FS10 and FS20, respectively (Fig. 4.3). SU3 is composed predominantly of 
shallow marine shoreface sandstones (facies C2) and silty-mudstones (facies C3) along 
the axis of the graben, and fan delta conglomerates (i.e. FaD) adjacent to the East Gordi 
Fault (Fig. 4.4). SU3 contains a locally developed marine erosion surface (RS20) that, in 
the axis of the basin, defines an abrupt basinward shift in facies from dominantly shallow 
marine mudstones to bioclastic shoreface deposits (facies C3- to C2).  
Stratal Unit 3 is exposed along the central axis and north-eastern parts of the 
Abura Graben and varies in thickness along the graben from a minimum of 12 m in the 
south, to a maximum of 30 m in the graben axis (Fig. 4.10A). In contrast to SU1 and 
SU2, SU3 displays an overall decrease in unit thickness southwards along the axis of the 
graben. Across the graben, the locus of maximum thickness for this unit is no longer 
observed equidistant between the East and South Gordi faults; and occurs c. 1 km from 
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the graben bounding East Gordi Fault (i.e. log 9, Fig. 4.21B), decreasing eastwards and 
westwards towards the East Gordi Fault and West Gordi Fault by 8 m and 4 m, both over 
a distance of 550 m, respectively (Fig. 4.21B). In detail, SU3 can be sub-divided into two 
based on the recognition of the marine erosion surface, RS20 (Fig. 4.10A). In the north of 
the study area, strata above and below RS20 decrease in thickness towards the East 
Gordi Fault, by 7 m over a distance of 260 m (Fig. 4.21A). In contrast, 200 m further 
southwards along-strike, strata thin toward the East Gordi Fault below RS20, by 10 m 
over a distance of 550 m, whereas strata above RS20 thicken toward the fault by 11 m 
over a distance of c. 1 km (Fig. 4.21B). In the graben axis, abrupt thickness variations of 
c. 7 m are observed across a series of E-W-striking normal fault segments, which cross-
cut the previously described, N-S-striking faults. Two of the E-W-striking faults bound the 
margins of an E-W-striking, c. 80 m wide graben which tips-out below FS20 (Fig. 4.10A; 
Fig. 4.20).  
Spatial variations in facies within SU3 are broadly similar to those in SU2b (i.e. 
Fig. 4.19B). Shallow marine to offshore facies (FaC) are focused along the graben axis 
and they inter-finger with fan delta conglomerates (FaD) immediately adjacent to the 
East Gordi Fault (Figs 4.10 and 4.21). The shallow marine to offshore facies architecture 
within the graben axis is distinctly different above and below RS20 (Fig. 4.21). This is best 
shown by the E-W-trending sedimentary correlation, perpendicular to the East Gordi 
Fault, which illustrates a transition in stratal geometry from thinning and onlap towards 
graben bounding East Gordi Fault below RS20 and, thickening and divergence towards it, 
coupled with a lateral shift of the coarse-grained facies away the East Gordi Fault (Fig. 
4.21B). In addition, in the axis of the graben below RS20, shoreface facies (facies C2) are 
restricted to the southernmost end of the study area where the unit is thinnest, whereas 
above RS20, individual shoreface bodies amalgamate southward where the stratal unit is 
thinnest (Figs 4.10A and 4.21C).   
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Interpretation
Based on a marked landward-shift in facies from shallow marine shoreface sandstones 
to shelf mudstones at the base of the unit, it is interpreted that the onset of this unit is 
marked by a base-level rise over the study area. Variations in thickness indicate 
continued growth of the East and West Gordi faults, initiation of an E-W-striking segment 
of the Hadahid Fault System to the south, and cessation of activity on the South Gordi 
Fault (Fig. 4.22). Our interpretation that the South Gordi Fault became inactive is based 
on gradual thinning of SU3 southwards over this structure (Fig. 4.10). Similarly, the 
southward thinning motif of SU3 is interpreted to represent the N-dipping footwall crest of 
the newly initiated Hadahid Fault System (Fig. 4.22). The Abura Graben is interpreted to 
still strike NNW-SSE; however, in contrast to the underlying stratal units, the along-strike 
variation in stratal thickness indicates that throw along the graben bounding East Gordi 
Fault and West Gordi Fault is greatest towards the centre of the graben, and not towards 
the southern end of the graben, i.e. as in SU1 and SU2 (Fig. 4.22). Furthermore, the 
northwards migration in local throw maximum along the East Gordi Fault is interpreted to 
result from restriction of the East Gordi Fault (and possibly West Gordi Fault) to the south 
by the Hadahid Fault System, and a preferred northward propagation direction of the 
fault’s northern tip. Northward stratal thinning of SU3 in the hangingwall of the East Gordi 
Fault indicates throw on this fault decreased northwards and this stratal geometry is 
interpreted to reflect a transition from a breached monocline in the south to an un-
breached monocline in the north (Fig. 4.22). Furthermore, the initiation and growth of E-
W-striking faults is interpreted to reflect part of a footwall-restricted horst and graben 
system (e.g. Withjack et al. 1990; Pascoe et al. 1999) associated with growth of the HFS 
to the south (Fig. 4.22). Alternatively, these E-W striking structures may simply be 
interpreted as ‘stretch faults’ (cf. Stewart 2001), where the variation in throw along the 
fault is accommodated by faulting rather than folding. Based on thickening of SU3 
adjacent to and along-strike of the East Gordi Fault, it is interpreted that the southern tip 
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of the East Gordi Fault was located beyond the present outcrop limit, such that the Abura 
Graben continued southward and into the hangingwall of the newly initiated Hadahid 
Fault System, which acted to truncate the southern end of the graben.  
 
4.5. DISCUSSION 
 
In this section, the implications of this study on improving tectono-sedimentary models 
for the early development of rift basins are discussed. In particular, (i) the influence of 
normal fault growth on stratal architecture and facies variations; and (ii) rift-initiation 
sediment sources and sediment transport are focussed on. 
 
4.5.1. Influence of normal fault growth on stratal geometry and facies variations 
 
The control of forced folding and surface faulting on syn-rift stratal architecture and facies 
development during the early stages of rifting has been highlighted by previous studies 
(e.g. Gawthorpe et al. 1997; Gupta et al. 1999; Corfield and Sharp 2000; Dawers and 
Underhill 2000; Sharp et al. 2000; Maurin and Niviere 2000; Gawthorpe et al. 2003; Ford 
et al. 2007). The observations from the Abura Graben in this study further highlights the 
key role that forced folding has on basin physiography during the early stage of rifting 
and provides a rare insight into the detailed, sub-seismic scale stratal architecture 
associated with this structural style.  
For example, SU3 thins and coarse-grained units (i.e. facies A2 and C2) within the 
unit amalgamate towards the East Gordi Fault. These observations suggest that, during 
the earliest stage of rifting, the East Gordi Fault structure was represented by a 
basinward-facing monocline. In contrast, in the upper part of SU3, stratal wedges thicken 
towards the fault, suggesting that, by this time, the forced fold had been breached and 
the fault had broken surface. Furthermore, the quality of exposure in the Abura Graben 
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allows individual stratal wedges to be traced along-strike from areas where they thin 
towards the East Gordi Fault, to areas where they thicken towards the fault (Fig. 4.21). 
Importantly, these observations indicate that surface growth folding and surface-breaking 
faulting can occur simultaneously along strike of a single fault segment, and that the 
transition from stratal onlap and thinning-to-stratal divergence and thickening towards a 
fault segment can occur over short distances, < 500 m (see also Corfield and Sharp 
2000). (Fig. 4.21). 
Folding parallel to fault strike, which is related to along-strike variations in fault 
throw, is equally as important as folding normal to fault strike in controlling the 
architecture and facies distributions in the early syn-rift succession of the Abura Graben. 
For example, in both SU1 and SU3, coarse-grained facies (i.e. facies A2 and C2) 
amalgamate and erosively truncate finer-grained facies normal to fault strike, towards the 
tips of the basin-bounding fault segment. The increase in fault-driven subsidence along 
strike towards the fault centre also resulted in preferential preservation of fine-grained 
deposits in this location, as they become increasingly truncated by the overlying 
erosional surfaces toward the fault’s lateral tip. Early syn-rift growth folding, both parallel 
and normal to fault strike, may therefore result in the deposition of coarse-grained, 
amalgamated clastic ‘fringe’ that encircles a (scoop-shaped) syncline depocentre. 
In addition to controlling the gross stratal architecture of the early syn-rift 
succession, data from the Abura Graben illustrates the impact that faulting and folding 
can have on sediment dispersal and syn-rift facies distributions during the earliest stages 
of rifting. This is illustrated by the axial channelling of fluvial-dominated mouth bar 
sandbodies along the axis of the Abura Graben, where fault-driven subsidence is 
greatest during SU2 times (i.e. Fig. 4.13). Similar axial focusing of sedimentary systems 
can also be observed where hangingwall tilting adjacent to surface-breaking normal 
faults causes migration of fluvial channel belts towards and stacking of their deposits in 
areas of relatively high subsidence (e.g. Leeder et al. 1998; Mack and Leeder 1999); 
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however, these mechanisms are typically associated with the ‘rift-climax’ stage and not 
the ‘rift-initiation’ stage, when subsurface of faulting is significantly less pronounced and 
fault bounded depocentres are dominated by surface faulting rather than growth folding 
(e.g. Gawthorpe and Leeder 2000). 
 
4.5.2. Rift-initiation sediment sources and sediment transport 
  
A key prediction made by tectono-sedimentary models for a rift is that sedimentation is 
strongly influenced by both antecedent (i.e. pre-rift) and consequent (fold- and fault-
controlled) drainage systems (i.e. Gawthorpe and Leeder 2000). Data collected from the 
Abura Graben suggest that a fixed sediment entry point and sediment-transport direction 
(i.e. S- to SW) was initiated and maintained during the initial stages of rifting (SU1 and 
SU2) through to the earliest part of the rift-climax (SU3). Given the broader structural 
context of the Abura Graben as a transfer zone, between the basin bounding Sinai 
Massif Fault to the south and Gebel El Turr fault to the north (Fig. 4.1); this might be 
expected for a large part of the rift event (Gawthorpe and Hurst 1993; Gawthorpe et al. 
1994; Eliet and Gawthorpe 1995). However, the lack of a locally well-defined or 
expressed antecedent drainage system within the Abura Graben, i.e. valley incision 
occurred during rift-initiation, contrasts to the generalised early syn-rift tectono-
sedimentary models, which illustrate antecedent drainage systems as a key influence on 
early facies development (i.e. Gawthorpe and Leeder 2000). Furthermore, the overall 
fluvial-dominated sedimentary motif of the early syn-rift succession in the Abura Graben, 
is different to that encountered in several other locations in the Suez Rift, where tide-
dominated shallow marine deposits (Nukhul Formation) typically directly overlie fluvial 
deposits (Carr et al. 2003; Gawthorpe et al. 2003; Jackson et al. 2005). It is suggested 
that the difference between the Abura Graben and other localities within the rift may be 
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ascribed to: (i) the local(?) absence of an antecedent drainage system, (ii) proximal 
location of the graben next to a large basin-bounding transfer zone.  
In order to investigate the absence or presence of an antecedent drainage 
system, the regional context on the pre-rift to syn-rift transition in the Suez rift needs to 
be appreciated. For example, the onset of Late Oligocene extension in the Suez Rift was 
influenced by the combination of long-wavelength topographic doming, i.e. the Afar 
Dome (Garfunkel and Bartov 1977; Bosworth et al. 2005; Avni et al. 2012) and eustatic 
sea level fall (Haq et al. 1987; Miller et al. 2005) which means discriminating between 
tectonics and eustasy for the early syn-rift base-level fall, and its potential impact on the 
formation of latest pre-rift antecedent drainage pathways is difficult. However, given that 
the apex of the Afar dome was located south of the Suez Rift, it may expected that truly 
antecedent drainage systems would have flowed northwards from the northern margin of 
the dome, regardless of any eustatic changes that occurred at this time. This line of 
argument is similar to the observations made from the northern North Sea (i.e. Davies et
al. 2000), in which antecedent sedimentary systems flowed northwards (i.e. axially) from 
the thermal dome of the Mid North Sea High located to the south of the developing rift. 
In addition, local outcrop-scale data from the Hammam Faraun Fault Block, which 
lies c. 50 km north of the Abura Graben, indicate that in this location, large scale c. 500 
m wide, c. 40 m deep, SW-trending (i.e. towards the rift-centre) rather than N-trending 
antecedent palaeo-valleys and SW-flowing valley-confined fluvial systems were present 
during the early syn-rift, and not N-flowing as would be predicted by considering the 
broader geodynamic setting of the proto-Suez Rift (Jackson et al. 2006). To account for 
this apparent discrepancy between the expected and observed orientation of palaeo-
valley systems across the eastern Suez Rift, it is suggested that these systems were not 
antecedent but rather formed during the earliest syn-rift period. This interpretation is 
consistent with observations from the Abura Graben that illustrate valley incision was 
coeval with the initiation of early syn-rift faulting and folding. Furthermore, where 
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apparent antecedent systems in the Hammam Faraun Fault Block are clearly dissected 
by later normal faults (i.e. Wadi Tayiba; Jackson et al. 2006), these systems are likely 
early syn-rift incisions, with later cross-cutting by normal faults being attributed to spatial 
variations in the onset of normal faulting during the rift-initiation period (see Cowie et al. 
2000).  
 
4.6. CONCLUSION  
 
1. The tectono-sedimentary development of the Abura Graben is characterised by a 
generally upwards deepening syn-rift succession, partitioned over three 
sedimentological and structurally distinct phases of subsidence. The linked 
changes in base-level and tectonics are characterised by abrupt facies shifts from 
(i) fluvial-alluvial, to (ii) fluvial dominated mouth bars, and lastly (iii) shoreface and 
fan delta facies. Summarised below:  
 
? Stratal Unit 1: Initiation of rifting is marked by a regional base-level fall 
resulting in incision/erosion of pre-rift strata, and contemporaneous initiation 
and growth of the graben bounding East, West and South Gordi Faults. The 
Abura Graben is interpreted as a NNW-SSE trending structure that plunges 
gently southwards (1.5 km) from its tip in the north; to a more steeply plunging 
structure across the E-W striking South Gordi Fault. The South Gordi Fault is 
a major structure, and acts to dissect the graben. Furthermore, the graben 
defining faults are characterised by at-surface synthetic folds resulting in 
strata onlapping and thinning towards the actively growing structures. The 
facies assemblage consists exclusively of fluvial-alluvial continental deposits, 
sourced from incised-valleys on the rift shoulder (i.e. to the E- to NE). 
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? Stratal Unit 2: The onset of this time-interval is marked by a regional base-
level rise and initiation of shallow marine conditions over the study area; and 
continued growth of- and at-surface folding above- the East, West and South 
Gordi faults. The Abura Graben is interpreted to continue as a southward 
plunging, albeit longer (? 3 km), NNW-SSE trending structure. In contrast to 
the earlier interval, the influence of the South Gordi Fault on dissecting the 
graben is reduced and interpreted as a minor structure. Sedimentation during 
the earliest time interval (i.e. SU2a) is shown to be dominated by axially 
orientated, i.e. N-S to NE-SW, distributary channel mouth bar sands, and 
interpreted to be sourced from the rift shoulder. The transition into the later 
interval (i.e. SU2b) is defined by a base-level fall and deposition of bioclastic 
shoreface facies in the graben axis and initiation of rift shoulder derived, fan 
delta conglomerates adjacent to the East Gordi Fault. 
? Stratal Unit 3: The onset of this time-interval is marked by a regional base-
level rise and persistence of shallow marine conditions over the graben; 
continued growth of the East and West Gordi faults, cessation of activity on 
the South Gordi Fault and initiation of a major E-W striking segment of the 
Hadahid Fault System to the south. The Abura Graben is interpreted to 
continue as a NNW-SSE striking structure; however in contrast to the previous 
time intervals, the graben at this time is represented by a northward plunging-
to flat lying structure; truncated to the south by the newly initiated Hadahid 
Fault System. Throw accrued on the East and West Gordi Faults is interpreted 
to decrease northwards from the centre of the study area. The East Gordi 
Fault is characterised by a transition from a breached to un-breached W-
dipping monocline toward the north.  
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2. The process of forced folding and surface-breaking faulting has a marked impact 
on stratal architecture during the early-stages of rift basin development. In 
general, onlap and stratal thinning on to a forced fold is followed by divergence 
and thickening towards a breached fault (i.e. Gawthorpe et al. 1997). In addition, 
the early syn-rift stratal architecture is influenced by; the initiation and growth, and 
subsequent truncation (i.e. death) of large scale (i.e. > 100 m throw) non-surface 
breaching faults (i.e. the South Gordi Fault); and smaller scale (i.e. < 20 m throw), 
surface-breaching, intra-graben faults which change orientation in each stage. 
 
3. Local, fault-related tectonics influence syn-rift facies development and 
preservation. For example, the channelling of coarse grained mouth bar facies 
along the graben axis; and the systematic truncation of underlying syn-rift facies 
both perpendicular and parallel to active fault segments resulting in the 
amalgamation of coarse grained fluvial-alluvial and shoreface facies towards at-
surface forced folds and fault-segment lateral tip-lines, respectively. 
 
4. A persistent sediment entry point and sediment-transport direction, i.e. to the S- to 
SW, from the initiation of rifting (SU1 and SU2), through to the transition to rift-
climax (SU3 deposits) is documented. The early-initiation and continuation of the 
sediment transport direction is interpreted to be related to the absence of a 
dominant antecedent drainage network. This interpretation differs from the 
generalised rift-initiation models which indicate the prevalence of an antecedent 
drainage prior to large-scale fault-related changes in basin physiography. 
 
 
 
4.7. FIGURES 
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from Haq et al. 1987. Diagram taken from Patton et al. 1994
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Fig. 4.3: Stratigraphic framework. Syn-rift succes-
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D. 
intercalation of clast and matrix 
supported conglomerate lenses 
within finer grained facies
ferrous 
silt/musdstones
pre-rift carbonates
erosional, channel-
like scours
structureless 
sandstones
pebble - cobble grade, 
poorly sorted/structless 
conglomerates 
decimetre to metre-scale bedding 
preserved in finer grained portions  
lateral accretion 
surfaces preserved in 
finer grainedintervals  
interbedded cobble 
grade conglomerates
c. 5 m
c.
 1
 m
N
N
truncation 
onlap 
FS05
FS05
T00 channelised to 
sheet-like ferrous 
silt/mudstones 
(facies A1)
truncation of underlying strata 
and onlap of overlying strata
flat, bedding parallel upper surface structureless 
mudstones (facies C3)
sheet to channel-like 
conglomerates (facies A2)
Fig. 4.5: Facies association A, Fluvial-alluvial. (A) FaA overview. Location of photograph denoted in Fig. 
4.20.  (B) Facies A1, ferrous silt/mudstone. (C) Facies A2, channelised conglomerates and sandstones. (D) 
Facies A2, channelised conglomerates and sandstones. The clast assemblage is composed of mainly 
pre-rift limestone (derived from Mokattam and Darat Fm), with minor occurrences of chert (derived from 
Thebes Fm) clasts, illustrating the level of erosion into- and sourcing of clasts- was predominantly restricted 
to the upper portions of the pre-rift succession.
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D. C. 
fine-up trend 
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m-scale cross bedding, 
and bed-set heights
assymetric, climbing ripples 
cm-scale planar bedding 
cm-scale 
planer beds
A. B. 
c.
 2
 m
NN
silt/mudstone 
facies (facies C3)
silt/mudstone 
facies (facies C3)
sharp base
brecciated 
shell-rich lag 
Fig. 4.6: Facies association B, Distributary channel mouth bar. (A) Facies B1, detailed sedimentary 
structures, cm-scale planar bedding and asymmetric climbing ripples. Photograph of sand body B, in log 
location 21. (B) photograph illustrating the association of bed, and bed-set and cross bedding scale. 
Photograph of sandbody B, in log location 21. (C) Sharp-based sand body, characterised medium-fine 
grained lower portion and finer-grained and intercalated (with facies C3) upper-portion. Photograph of sand 
body C, in log 15. (D) Brecciated shell-rich lag at the basal portion of a sharp based facies B1 bed.
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c. 10m thick, medium-grained, 
sandstone bed (facies B1)
A. 
A
B. 
B
B
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D
D
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N
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Fig. 4.6D
Fig. 4.6C
Fig. 4.6A
Fig. 4.6B
FS10
RS10
FS10
RS10
sharp base
sharp top
Fig. 4.7: Facies association B, Distributary channel mouth bar. (A) Overview of the four regionally correlat-
able sandbodies, A-D, across the Abura Graben. Both the lower and upper portions of Stratal Unit 2 (i.e. 
Stratal Unit 2a and Stratal Unit 2b) are visible is the photograph, note the sharp basal surface of regressive 
surface RS20 and upwards basinward shift in facies from shallow marine mudstones (facies C3) to bioclastic 
shoreface facies to (facies C2). Location of photograph is of log location 15. (B) Photograph of mouth bar 
axis for sand body B, note the change in thickness of sand body B from Fig. 4.7A, which lies “off-axis” c. 500 
m northwards. Location of photograph is illustrated in Fig. 4.14A
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A. 
D. 
C. 
E. 
B. 
c.
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c. 3 cm
N
N
Fig. 4.9: Facies association D, Fan delta. (A) Facies D1. Note the lack of grading and assemblage of clasts. 
Clasts dominated by chert (derived from the Thebes Fm), with minor occurrences of limestone clasts 
(derived from the Mokattam and Darat Fm). (B) Bored (pre-rift) limestone clast, indicates clast re-working 
and colonization prior to deposition. (C) Toe-sets of fan delta deposits, inter-fingering with facies C3 shallow 
marine silt/mudstones. Location of photograph illustrated in Fig. 4.21B. (D) Facies D2. Photograph illustrates 
the structureless, highly bioturbated nature of the facies and apparent ‘floating’ well-rounded clasts. (E) 
Structureless conglomerates (i.e. facies D1), and minor intercalations of fine-grained sandstones (i.e. facies 
D2).  
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Fig. 4.11: West-east orientated log section, location 
of section is illustrated in Fig. 4.2. Note the trunca-
tion of ferruginous mudstones (facies A1) towards 
the West Gordi Fault by overlying coarse grained 
fluvial conglomerates (facies A2) resulting in 
progressive amalgamation of beds towards the 
at-surface growth fold. In addition, thinning and 
truncation (?) of shown mouth-bar deposits (facies 
B1) towards the West Gordi Fault are also 
observed. 
Fig. 4.12: Abura Graben palaeo-geography; Stratal 
Unit 1. (A) Palaeo-geographic map. (B) N-S section. 
(C) E-W section. 
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Fig. 4.14: Abura Graben South maps. (A) High resolution satellite image of the Abura Graben South. Log 
data, and figure locations are numbered, and representative bedding dip and dip-direction of the late pre- 
and early- syn-rift strata are indicated. Y = Location of marked increase in bedding dip-discordance between 
pre-rift and the upper bounding surface of Stratal Unit 1, FS05. (B) Interpreted Abura Graben geological map. 
Stratal Unit bounding surfaces, internal flooding surfaces and sand bodies within Stratal Unit 2a are 
illustrated. Note the two different fault trends, which lie broadly north-south and east-west. X = pinch-out 
position of southwards expanding shale wedge.
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CHAPTER 5
 
5. STRATAL ARCHITECTURE AND ALONG STRIKE VARIABILITY OF EARLY SYN-
RIFT DEPOSITS; AN EXAMPLE FROM THE HADAHID FAULT SYSTEM, SUEZ RIFT, 
EGYPT
 
5.1. INTRODUCTION
 
During the early stages of rifting, basin structure is defined by numerous, isolated normal 
fault segments that bound depocentres typically a few kilometres long and few hundred 
metres deep; subsidence rates during this so-called ‘rift initiation’ phase (sensu Prossor 
1993) are typically low (Nicol et al. 1997; Gupta et al. 1998; Cowie et al. 2000; Davies et
al. 2000; Dawers and Underhill 2000; Gawthorpe et al. 2003). At this time, syn-rift 
deposits typically occur in relatively thin (c. < 150 m), wedge-shaped packages that are 
geometrically distinct from the broadly tabular stratigraphic packages that characterise 
the underlying pre-rift succession (e.g. Prosser 1993; Gawthorpe et al. 1997; Corfield 
and Sharp 2000; Gawthorpe and Leeder 2000; Sharp et al. 2000). Furthermore, during 
the early stages of rifting, folding and not faulting may be the key control on syn-rift 
stratal architecture and facies development (e.g. Jackson and Leeder 1994; Gawthorpe 
et al. 1997; Gupta et al. 1999; Corfield and Sharp 2000; Dawers and Underhill 2000; 
Sharp et al. 2000; Maurin and Niviere 2000; Gawthorpe et al. 2003; Ford et al. 2007). 
Two gross tectono-stratigraphic styles are typically documented in rift-initiation 
successions: (i) during the earliest stages of fault growth, forced folds develop above 
blind faults, and individual stratal units thin towards and onlap onto these monoclinal 
structures and expand basinward toward the adjacent synclines (Fig. 5.1). Numerous 
intra-formational truncation and onlap surfaces, which increase in number and angularity 
toward the basin-bounding fold, are typically developed within these stratigraphic wedges 
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(Fig. 5.1); and (ii) during the latter stages of fault growth, continued fault slip and 
eventual fold breaching results in the formation of a half-graben depocentre and 
deposition of a stratal wedge that thickens into the basin-bounding fault (Gawthorpe et al. 
1997) (Fig. 5.1). Because individual fault segments and systems display along-strike 
variations in throw and have plunging upper tip lines, both of these tectono-stratigraphic 
styles may occur simultaneously along a single fault system or segments (Gawthorpe et
al. 1997; Corfield and Sharp 2000; Chapter 4). Current understanding of the detailed (i.e. 
sub-seismic scale) tectono-stratigraphic evolution of early syn-rift deposits on the limbs 
of extensional forced folds is, however, poor, when compared to that of the late syn-rift 
deposits, which are typically thicker, more aerially extensive, better exposed in the field, 
and better sampled by seismic and borehole data in the subsurface. An improved 
understanding of the structural and depositional processes that occur during the early 
stages of rifting, in addition to the resultant stratal architecture and facies distributions, 
will help improve the understanding of exploration risk associated with subtle, poorly 
seismically imaged, syn-rift stratigraphic traps developed on the limbs of extensional 
forced folds, which may form increasingly more attractive as exploration targets in 
mature rifts (e.g. North Sea and Gulf of Suez). 
To improve the understanding of the tectono-stratigraphic development of forced 
folding during the early stages of rifting exceptional, quasi-3D exposures of both late pre-
rift and early syn-rift structures and associated stratigraphy are used along the Hadahid 
Fault System (HFS), eastern Suez Rift, Egypt (Fig. 5.2). The objective of this study is to 
reconstruct the early syn-rift tectono-stratigraphic evolution of three fault/fold segments 
that form part of a c. 30 km long, segmented, block-bounding normal fault system. The 
results of this study demonstrate that the timing of extensional forced folding and surface 
faulting markedly influence the early syn-rift stratal architecture and facies variations. 
Furthermore, the temporal variation in forced folding has an important impact on the local 
development of incision into the monocline limb and overlying facies infill. The study is 
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concluded by presenting a conceptual model aimed help improve the current 
understanding of sub-seismic reservoir architecture developed on the limbs of 
extensional forced folds.   
 
5.2. GEOLOGICAL SETTING 
 
5.2.1. Tectonics and Structure of the Suez Rift and Hadahid Fault Block 
 
The Suez Rift is a NW-trending, 300 km long, up to 80 km wide, failed-arm of the 
Cenozoic Red Sea rift system. At its northern end, the Suez Rift dies-out beneath the 
Nile Delta, and in the south it terminates against the NNE-trending, Gulf of Aquaba-Dead 
Sea Transform (Fig. 5.2A). The shoulders of the rift are delineated by large throw (2-5 
km) normal fault systems, and the rift itself is characterised by broadly NW-trending, c. 
20 km wide, normal fault-bound graben and half graben (Patton et al. 1994). The rift 
contains three dip-provinces (northern, central and southern), which are separated by 
broad accommodation zones (Moustafa 1976; Colleta et al. 1988). The Hadahid Fault 
Block, which is located on the eastern margin of the Suez Rift and lies within its central 
dip province, is a 30 km long by 10 km wide half-graben that is internally deformed by 
numerous moderate throw (up to 500 m) normal faults (Fig. 5.2). The fault block is bound 
to the east by two large (up to 1.3 km throw) normal fault systems; the NW-SE-striking 
Gebel El Turr Fault, and the N-S-striking Gebah Fault (Fig. 5.2). To the west and 
southwest, the fault block is delineated by the HFS, a 30 km long, broadly NW-SE 
striking, SW-dipping segmented normal fault system, which has a maximum throw of c. 
2-3 km in the south and decreases progressively northwards to its tip (e.g. Moustafa and 
El-Raey 1993; Patton et al. 1994) (Fig. 5.2).  
The HFS is expressed as a segmented, SW-dipping monocline structure that is 
interpreted to overlie and represent an extensional forced fold developed above a major, 
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broadly SW-dipping normal fault system during the early stages of rifting (Withjack et al. 
1990; Moustafa and El-Raey 1993; Patton et al. 1994 Sharp et al. 2000; Whipp 2011). 
Analysis of this structure and associated syn-rift deposits allows the detailed (i.e. sub-
seismic scale) tectono-stratigraphic evolution of extensional forced folds to be 
investigated. The following sub-section describes the structure of the HFS at the 
segment-scale, and identifies the specific study locations along the limb of this structure.  
 
5.2.2. The Hadahid Fault System 
 
At its southern end, the HFS strikes broadly E-W and splays off the NW-SE-striking, 
Sinai Massif/Gebah Fault (e.g. Moustafa and El-Raey 1993). From this location, throw 
decreases northwards along the HFS, and in general, results in a northwards transition 
from a surface-breaking fault and breached monocline in the south to a series of un-
breached, forced fold monoclines in the north (Sharp et al. 2000; Whipp 2011). The 
northwards decrease in throw is reflected in the relationship between the fault system 
and the syn-rift stratigraphy; in the south, where throw on the HFS is relatively large, syn-
rift strata are juxtaposed across a fault against Upper Cretaceous pre-rift strata, whereas 
in the north, where throw is small, syn-rift strata onlap the fault-related monoclines 
(Whipp 2011). The northern limit of the HFS is characterised by a series of SW-dipping, 
shallow dipping (< 30°), en echelon monoclines, which form a part of the Wadi Feiran 
Transfer Zone, a broad zone of deformation related to the relaying of displacement 
between the HFS to the south and the Alaqa Fault to the north (Moustafa and El-Raey 
1993) (Fig. 5.2). Superimposed on this relatively simple relationship between throw and 
structural style is pronounced local variability, with unbreached monoclines being 
developed between breached monoclines (Whipp 2011). In detail, the HFS is composed 
of eight, 3-7 km long, c. W-dipping, en echelon, fault-fold segments, and in this study, 
three specific areas are focussed on: (i) the Hadahid Monocline, (ii) Feiran East; and (iii) 
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Feiran North (Fig. 5.2). The structural-stratigraphic relationships exposed in these areas 
allows the linked structural and stratigraphic styles associated with various states of 
forced folding and surface fault development to be investigated and interpreted. 
 
5.2.3. Stratigraphic framework 
 
Pre-rift
The pre-rift stratigraphy of the Suez Rift is sub-divided into two megasequences (Sharp 
et al. 2000). Megasequence One is Cambrian-to-Cretaceous, c. 500 m thick and 
composed of a clastic-dominated sequence (Nubian Sandstone; e.g. Patton et al. 1994; 
Sharp et al. 2000) (Fig. 5.2). Megasequence Two conformably overlies Megasequence 
One and is composed of a mixed carbonate-clastic, Mezozoic- (Raha, Wata, Matulla, 
Duwi and Sudr formations) to-Early Tertiary (Esna, Thebes, Darat and Mokattam 
formations) sequence that is c. 675 m thick (e.g. Patton et al. 1994; Sharp et al. 2000) 
(Fig. 5.2). Marked competency contrasts exist between ductile, mudstone-dominated 
intervals (i.e. Duwi, Esna and Darat formations) and brittle, carbonate- and sandstone-
dominated units in Megasequence Two; this mechanical variability is of critical 
importance to the structural evolution of the Suez Rift because it results in a 
mechanically layered sequence that facilitates the development of extensional forced 
folds (sensu Sterns 1978), both within the study area and elsewhere within the rift (e.g. 
Moustafa 1987; Patton et al. 1994; Sharp et al. 2000; Khalil and McClay 2002; Jackson 
et al. 2006; Wilson et al. 2009; Whipp 2011).  
 
Syn-rift 
Due to a combination of regional uplift (Avni et al. 2012) and a eustatic fall in sea-level 
(Haq 1987; Miller et al. 2005), the onset of rifting and the pre-rift to syn-rift contact in the 
Suez Rift is defined by an unconformity (T00 unconformity, c. 24 Ma; Krebs et al. 1997) 
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(Figs 5.2 and 5.3). The unconformity forms a relatively flat, regionally developed, 
peneplain-like surface (e.g. Avni et al. 2012) although locally, at the scale of individual 
outcrop belts, palaeo-valleys that are up to 500 m wide and 50 m deep, and which 
document earliest syn-rift incision, are developed (Sharp et al. 2000; Young et al. 2003; 
Jackson et al. 2006; Jackson 2008). The overlying, latest Oligocene-to-Miocene, syn-rift 
Megasequence (Megasequence Three) is defined as a net transgressive, clastic-
dominated succession that can be sub-divided into three lithostratigraphic units that are 
bounded by sequence boundaries and/or major marine flooding surfaces (Figs 5.2 and 
5.3).  
The lowermost syn-rift unit is the non-marine, Abu Zenima Formation (Patton et al. 
1994; Montenat et al. 1998; Jackson 2008). The Abu Zenima is relatively thin (<10 m) 
and locally absent along the limb of the HFS. Where present, the Abu Zenima Formation 
is composed of fluvial conglomerates, with minor intercalations of structureless, 
ferruginous, fine-grained floodplain sandstones and siltstones, and sheet-like to weakly 
channelised sandstone bodies that were formed in overbank channels (e.g. Jackson et
al. 2006) (Fig. 5.3).  
The Abu Zenima formation is capped by a regionally developed flooding surface 
(T05, 21.1 Ma; Krebs et al. 1997) and is overlain by the tidal-to-marginal marine Nukhul 
Formation (Montenat et al. 1998; Carr et al. 2003; Jackson et al. 2005). The Nukhul 
Formation is composed of bioclastic, very coarse-grained-to-locally pebbly, trough cross-
bedded sandstones, which were deposited in tidal channels that occupied < 500 m wide, 
< 10 m deep, early syn-rift palaeo-valleys (Fig. 5.3). Locally, along the northern limb of 
the HFS, the Nukhul Formation is composed of poorly cemented, structureless carbonate 
that contains gastropods, coral, oysters and bivalves. These carbonates are thin (< 2 m), 
laterally discontinuous (up to c. 300 m wide) and, based on the faunal assemblage, are 
interpreted to have been deposited in small, patch reef-like build-ups. 
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The Nukhul Formation is capped by a major marine flooding surface (T10, 19.7 
Ma; Krebs et al. 1997) and associated condensed section, and is overlain by the open 
marine Rudeis Formation (Patton et al. 1994; Krebs et al. 1997) (Fig. 5.2). The Lower 
Rudeis Formation is present and relatively thick (up to 100 m) along most of the HFS 
(Figs 5.2 and 5.14). It forms a broadly net-transgressive, shallow-marine package, 
composed of sharp-based, bioclastic, shoreface sandstones and offshore mudstones 
(e.g. Gawthorpe et al. 2000; Jackson et al. 2005) (Fig. 5.3). The Lower Rudeis Formation 
is subdivided into a number of flooding surface-bounded stratigraphic packages (cf. 
parasequences; Van Wagoner et al. 1988) that can be traced with confidence across and 
along individual fault segments. 
In this study, focus is placed on the lower part of Megasequence Three, which 
comprises the Abu Zenima and Nukhul formations, and the lowermost portion of the 
Lower Rudeis Formation. The Abu Zenima and Nukhul formations were deposited during 
the ‘rift-initiation’ (sensu Prosser 1993) (Fig. 5.2), when subsidence rates were low, and 
depocentres were relatively small (c. 2-4 km long) and bound by small throw (< 200 m) 
fault segments (Sharp et al. 2000; Jackson et al. 2002; Carr et al. 2003; Gawthorpe et al. 
2003). During the rift initiation, normal faults were blind and overlain by basinward-facing 
monoclines (extensional forced folds), and the Abu Zenima and Nukhul formations were 
deposited in stratigraphic wedges that thin towards and onlap onto these growth folds 
(Gawthorpe et al. 1997; Gupta et al. 1999; Sharp et al. 2000; Jackson et al. 2006). The 
Lower Rudeis Formation was deposited during the ‘rift-climax’ (sensu Prosser 1993), 
when subsidence rates were relatively high, and syn-rift depocentres were large and 
bound by long (> 25 km), through-going fault systems that had significant throw (up to 5 
km) (e.g. Gawthorpe et al. 2003). Locally, the Lower Rudeis Formation is shown to be 
deposited in stratigraphic wedges that thicken towards surface-breaking normal faults 
(e.g. Gawthorpe et al. 1997).  
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5.3. METHODOLOGY
 
To investigate how faulting and associated forced folding controlled the stratal 
architecture of and facies variations within the early syn-rift succession the following 
methods are used: (i) construction of sedimentary logs at 1:25 to capture the detailed 
sedimentology of the early syn-rift succession; (ii) construction of stratigraphic 
correlations to investigate the dip- and strike-orientated variations in stratal architecture 
of the early syn-rift succession; (iii) field mapping of rift-related structures using high 
resolution (60 cm resolution) satellite imagery; these maps are also used to correlate 
stratigraphic surfaces and packages along the fault system. 
The Abu Zenima, Nukhul and Lower Rudeis formations are easily distinguished 
along the HFS, and have been locally identified in previous studies (e.g. Patton et al. 
1994). However, the regional flooding surfaces defined by Krebs et al. (1997) (i.e. 21.1 
Ma (T05) and 19.7 Ma (T10)) have not been explicitly dated on the frontal limb of the HFS. 
For this reason, locally defined stratal surfaces FS05 (i.e. T05; Krebs et al. 1997) and FS10 
(i.e. T10; Krebs et al. 1997) that are believed, but cannot unequivocally proven, as 
correlative to the surfaces defined by Krebs et al. (1997) are used (Fig. 5.3). 
Furthermore, several additional flooding surfaces in the lower part of Lower Rudeis 
Formation (i.e. FSa,b..etc.), are mapped and used to investigate relatively subtle, fault- 
and fold-related changes in stratal architecture and thickness within this stratigraphic 
unit. 
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5.4. ALONG-STRIKE VARIABILITY IN STRATAL ARCHITECTURE, FACIES AND 
TECTONO-STRATIGRAPHIC EVOLUTION OF EARLY SYN-RIFT DEPOSITS 
 
To investigate along-strike variations in the early syn-rift tectono-stratigraphic 
development of the HFS, the well-defined stratigraphic framework is applied to each of 
the studied fault segments. In this section, from south to north the structural style 
Hadahid and East Feiran monoclines, and the North Feiran Fault, and the stratal 
architecture and facies variability within the associated early syn-rift succession is 
described and interpreted. 
 
5.4.1. The Hadahid Monocline 
 
Structural style 
The Hadahid Monocline is a broadly linear, 5 km long, NW-SE-striking, SW-facing, 
unbreached monocline located along the central portion of the HFS (Whipp 2011) (Figs 
5.2 and 5.4). The monocline is delineated to the south by the Ratamat Segment, a 3 km 
long, W-dipping, NNW-SSE-striking, breached monocline and is truncated to the north by 
the Hadahid Fault, a 5.5 km long, W-dipping, N-S striking, breached monocline (Whipp 
2011) (Fig. 5.4). The dip and structural style of the Hadahid Monocline varies along its 
limb. In the south, where the monocline overlaps with the Ratamat segment, both late 
pre-rift and early syn-rift strata in the hangingwall are locally overturned (Fig. 5.4). Along 
its central portion, the monocline limb has a broadly constant WSW dip of c. 45° and, at 
its northern most end, the monocline limb dip decreases to c. 40° and is locally breached 
by a pair of NW-SE striking, small throw (up to 20 m) normal faults (Fig. 5.4). The change 
in dip along the fold limb is broadly interpreted to reflect variations in the geometry and 
throw of the underlying fault. 
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Syn-rift stratal architecture and facies development
Pre-rift carbonates of the Mokattam Formation and trough cross-bedded tidal channel 
sandstones of the Nukhul Formation underlie and overlie, respectively, the base syn-rift 
unconformity (T00); non-marine deposits of the Abu Zenima Formation are absent (Figs 
5.5 and 5.6). Local variability in the magnitude of base syn-rift erosion is illustrated best 
toward the centre of the monocline, where an asymmetric, incised valley-like feature is 
present (V; Figs 5.5 and 5.6A). The uppermost part of the Mokattam Formation 
carbonates, directly beneath the base syn-rift unconformity, is karstified and bored (Fig. 
5.6B).  
Because of variability in the magnitude of incision along the base syn-rift 
unconformity, the Nukhul Formation varies in thickness along strike, from c. 10 m in the 
centre to being locally absent on the flanks of the incised valley-like feature described 
above (V; Figs 5.5 and 5.6). The Mokattam and Nukhul formations have similar dips and 
are thus geometrically concordant across the base syn-rift unconformity. Palaeo-current 
data in the coarse-grained Nukhul Formation tidal channel deposits indicate a dominant 
north-easterly flow direction (Fig. 5.5A).  
The Nukhul Formation is overlain by sharp-based, bioclastic shoreface sandstone 
deposits and fine-grained, shelf deposits of the Lower Rudeis Formation. The Rudeis 
Formation maintains a relatively constant thickness (c. 40 m) along the Hadahid 
Monocline (Fig. 5.5), although the lowermost parasequence thins from north to south, 
over a distance of c. 2.5 km, from c. 13 m (i.e. log 13; Fig. 5.5) to 0 m at the southern 
end of the structure where it is replaced by a bored pre-rift surface (Fig. 5.6B). 
Stratigraphic thinning is primarily accommodated by a reduction in thickness of the fine-
grained portion of the parasequence (Figs 5.5 and 5.6B). 
Based on a prominent upward decrease in dip within the unit, pronounced dip-
orientated changes in thickness are inferred within the Lower Rudeis Formation. This is 
documented best at the northern end of the monocline where dips decrease from 40° to 
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29°, thus defining a progressive angular discordance of c.11° and implying north-
eastwards thinning of the unit (Figs 5.7 and 5.8A). Similar stratigraphic discordances and 
inferred thickness changes are observed further south along the monocline (Fig. 5.8B). 
However, the magnitude of the angular discordance between the FS10 and the lower 
most flooding surface (FSa) varies along-strike; from a value of 5° to 1° over a distance of 
1850 m (X; Fig. 5.8).  
 
Tectono-stratigraphic development 
The lack of an angular discordance between the pre-rift and syn-rift stratigraphy along 
the Hadahid Monocline suggests that no or very limited surface relief was associated 
with the Hadahid Monocline at the onset of syn-rift deposition (Fig. 5.9A); a corollary of 
this interpretation is that the underlying fault segment had either not yet formed or that its 
upper tip was sufficiently deep that no deformation at the free surface occurred. Incision 
of the Mokattam Formation, the development of incised valley-like relief, and the 
absence of the Abu Zenima Formation suggest that early syn-rift exposure of the 
monocline during a regional base-level fall resulted in the formation of incised valleys 
and bypass of sediment further south-westward into the axis of El-Qaa Fault Block (Fig. 
5.9A). In addition, the lack of dip discordance between the Nukhul and Mokattam 
formations suggests that the Hadahid Monocline was also inactive during deposition of 
the Nukhul Formation. A relative rise in base-level and flooding of the proto-monocline, 
and perhaps the entire Hadahid Fault Block, resulted in infilling of the base syn-rift 
incised valleys by tidally influenced sandstones (Fig. 5.9B). Palaeo-current data suggest 
the tidally reworked sediment was predominantly transported north-eastwards towards 
the centre of the Hadahid Fault Block. 
Based on the recognition that an angular discordance is developed between the 
Mokattam Formation and FS10 flooding surface (Figs 5.7 and 5.8), the Hadahid 
Monocline is interpreted to have begun to grow during the onset of deposition of the 
157
Lower Rudeis Formation. Moreover, based on an upward decrease in dip within the 
Lower Rudeis Formation, it is interpreted that this unit was deposited in a syn-rift wedge 
that thinned towards and onlapped onto the growing monocline (Figs 5.8 and 5.9C).  
The southwards decrease in thickness of 13 m and the pinch-out of the interval 
bound by FS10-FSa along the limb, and replacement of this unit by a karstified and bored 
surface (i.e. Figs 5.5 and 5.6B), is interpreted to reflect a southwards decrease in throw 
on the non-surface breaching fault segment, which in turn meant that the c. 3 km long, 
proto-hangingwall depocentre developed adjacent to the newly initiated monocline limb 
became shallower and accommodation was less towards the south (Fig. 5.9C). In 
addition, the southwards decrease (from 5° to 1°) in the degree of angular discordance 
between the lower and upper parts of the T10-FSa interval (i.e. Fig. 5.8) supports the 
interpretation that throw on the non-surface breaching fault segment decreased 
southward from the centre of the segment during this interval (Fig. 5.9C). An alternative 
interpretation is that the southward reduction in thickness of T10-FSa interval may be 
related to the presence southward-dipping clinoforms in the Lower Rudeis Formation. 
However, this interpretation is rejected because the decrease in thickness is not 
associated with a transition to more distal facies, but is solely accommodated by a 
decrease in the thickness of the intra-sandstone mudstone package, which is inferred to 
be accommodated by truncation of the mudstone at the base of the overlying, sharp-
based shoreface sandbodies that maintains a relatively constant thickness along-strike 
(cf. Jackson et al. 2005).  
The presence of an angular discordance between the intra-Lower Rudeis flooding 
surfaces (i.e. FSa-FSe) suggests that fault propagation and monocline growth continued 
during the deposition of the Lower Rudeis Formation. It is interpreted that the relatively 
uniform thickness of this unit along the Hadahid Monocline resulted from lengthening of 
the non-surface breaching fault segment and formation a correspondingly longer, proto-
hangingwall depocentre.  
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5.4.2. East Feiran Monocline 
 
Structural style 
The East Feiran Monocline  is a linear, 3 km long, NW-SE striking, SW-facing (c. 25°), 
unbreached monocline that is located in the centre of the Wadi Feiran transfer zone, at 
the northern end of the HFS (Whipp 2011) (Figs 5.2 and 5.4). At its north-western end, 
the monocline plunges to the NW and this is associated with a decrease in the dip of 
bedding on the limb from c. 25° to c. 10°, which is inferred to reflect a north-westwards 
decrease in throw on the blind fault underlying the fold. Furthermore, the NW end of the 
monocline limb, which is defined by the Mokattam Formation carbonates is deformed by 
a series closely-spaced (50-100 m), sub-parallel, NW-SE-striking, NE- and SW-dipping, 
small throw (< 60 m) normal faults (Fig. 5.10).  
 
Syn-rift stratal architecture and facies development
Pre-rift carbonates of the Mokattam Formation and fluvial conglomerates of the Abu 
Zenima Formation underlie and overlie, respectively, the base syn-rift unconformity (T00). 
Local variability in the magnitude of base syn-rift erosion is illustrated best toward the 
northern end of the monocline, where the magnitude of incision into the Mokattam 
Formation varies along-strike by up to 9 m (V; Figs 5.10 and 5.11).  
Fluvial conglomerates of the Abu Zenima Formation are present along the entire 
monocline limb, directly overlying the Mokattam Formation and filling relief associated 
with the base syn-rift unconformity (V; Figs 5.10 and 5.11). A relatively large angular 
discordance of 6° is observed between the Mokattam Formation (21°) and the top of the 
Abu Zenima Formation (15°), i.e. FS05 flooding surface (Fig. 5.11).   
The Nukhul Formation is absent along the East Feiran Monocline, and shallow 
marine-to-shelf deposits of the Rudeis Formation directly overly the Abu Zenima 
Formation (Figs 5.10 and 5.11); the FS10 thus forms a composite flooding surface with 
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the underlying FS05 (top Abu Zenima Formation) flooding surface (Figs 5.10 and 5.11). 
The thickness of the lower portion of the Lower Rudeis Formation (i.e. FS10-FSd; c. 30 
m), and the relative proportions of shoreface and offshore intervals, remain relatively 
constant along the monocline (Fig. 5.10).  
 
Tectono-stratigraphic development 
Based on the dip discordance between the Mokattam Formation and the top of the Abu 
Zenima Formation (i.e. FS05), the East Feiran Monocline is interpreted to have initiated 
during deposition of the Abu Zenima Formation (Figs 5.11 and 5.12A); and formed a 
wedge that thinned towards and onlapped north-eastwards onto the monocline limb and 
expanded south-westward into the adjacent synclinal depocentre (Fig. 5.12A). 
Furthermore, incision of the monocline limb along the base syn-rift unconformity, and 
infilling of the associated relief by non-marine conglomerates of the Abu Zenima 
Formation, indicates that the monocline limb was potentially eroded as it rotated (Fig. 
5.12A). This contrasts to the Hadahid Monocline, which was inactive at this time.  
The absence of the Nukhul Formation along the monocline limb indicates that the 
structure was likely-inactive during the onset of marine conditions across the rift and 
there was no accommodation created locally across this structure (Fig. 5.12B). 
Moreover, the upper bounding surface of the Nukhul Formation (FS10) is interpreted to 
represent a condensed, correlative surface, concordant to the FS05 flooding surface (Fig. 
5.11). In contrast, along the Hadahid Monocline, local accommodation on the monocline 
limb, which was back-filled by coarse-grained Nukhul Formation deposits, was created 
by earlier, syn-rift incision and by-pass. 
The presence of an angular discordance between the FS05/FS10 flooding surface 
and locally defined flooding surfaces (i.e. FSa-FSd) in the Lower Rudeis Formation, is 
interpreted to document rotation of the East Feiran Monocline during deposition of the 
Lower Rudeis Formation, resulting in the formation of a syn-rift wedge than thins towards 
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and onlaps onto the monocline limb (Figs 5.11 and 5.12C). Based on the lack of along-
strike variations in the thickness of the Lower Rudeis Formation, lateral variation in sub-
surface fault throw and monocline limb rotation is interpreted to be minor (Fig. 5.12C). 
Furthermore, based on a lack of thickness variations in the Lower Rudeis Formation 
across them, it is interpreted that the closely spaced, small throw (< 60 m) faults that 
strike parallel to and are developed on the northern nose of the monocline limb, were 
absent at this time (Fig. 5.12D). Growth of the underlying fault and overlying forced fold 
during deposition of the Lower Rudeis Formation is consistent with the interpretation 
made along the Hadahid Monocline. 
 
5.4.3. North Feiran Fault 
 
Structural style 
The North Feiran Fault is a linear, 1 km long, N-S striking, W-facing, breached monocline 
that lies at the northern end of the HFS (Whipp 2011) (Figs 5.2 and 5.4). Throw on the 
North Feiran Fault is greatest (c. 100 m) at its northern end, where it branches off the 
NW-SE striking, SW-dipping Alaqa Fault (Fig. 5.4). South of its branchline with the Alaqa 
Fault, throw on the Feiran Fault gradually decreases to c. 40 m at the branchline with a 
NE-SW striking, NW-dipping fault segment (Fig. 5.4). The hangingwall of the North 
Feiran Fault is relatively un-deformed and forms a gently (c. 10°), N-dipping surface. 
 
Syn-rift stratal architecture and facies development
Pre-rift carbonates of the Mokattam Formation are overlain by fluvial conglomerates of 
the Abu Zenima Formation, carbonate patch reefs of the Nukhul Formation, or shallow 
marine-to-shelf deposits of the Lower Rudeis Formation (Figs 5.13 and 5.14). Local 
variability in the magnitude of base syn-rift erosion is developed best toward the western 
portion of the outcrop, where a c. 300 m wide, c. 5 m deep incision is present (Figs 5.13 
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and 5.14). Fluvial conglomerates of the Abu Zenima Formation are relatively thin (< 5 m 
thick), and are locally present in the relief associated with the base syn-rift unconformity 
(Figs 5.13 and 5.14). No dip discordance is observed between the Mokattam Formation, 
and the Abu Zenima or Nukhul formations.  
The Nukhul Formation is also relatively thin (< 2 m) in the hangingwall the North 
Feiran Fault, where it is represented by a small (c. 300 m wide), patch-reef-like, 
carbonate build-up that pinches out southwards, along fault strike, and westwards, 
towards the fault (Figs 5.13 and 5.14). Where developed, the Nukhul Formation patch 
reef directly overlies the Mokattam Formation and the Abu Zenima Formation is absent. 
The Lower Rudeis Formation overlies a variety of stratigraphic units and displays 
a relatively constant thickness (c. 30 m) along strike of the North Feiran Fault (Figs 5.13 
and 5.14). However, a bipartite stratigraphic architecture is observed; below the FSa 
flooding surface, strata thin by 9 m towards the North Feiran Fault, whereas above the 
surface strata thicken by 11 m towards the fault (Figs 5.13 and 5.14). Stratigraphic 
thinning and thickening within individual parasequences is accommodated by thickness 
changes both in sharp-based shoreface sandstones and shelf mudstones (Fig. 5.13).   
 
Tectono-stratigraphic development  
The lack of a dip-discordance between the Mokattam and Abu Zenima Formations 
indicates that the North Feiran Fault, like the Hadahid Monocline, was inactive during the 
onset of extension (Fig. 5.15A). Local preservation of Abu Zenima Formation fluvial 
deposits within shallow scours along the base syn-rift unconformity indicates that the 
area was likely characterised by the fluvial incision and sediment bypass (Fig. 5.15A).  
Eastwards thinning and pinch-out of locally developed, Nukhul Formation patch 
reef deposits, and the complete absence of the Nukhul Formation across the majority of 
the exposed monocline limb (i.e. Fig. 5.13B), suggests the North Feiran Fault was 
represented by a shallowly westwards-dipping (?) structure during the onset of marine 
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conditions across the Suez Rift (Fig. 5.15B). Furthermore, the upper bounding surface of 
the Nukhul Formation (FS10) is interpreted as both a flooding surface (i.e. capping the 
patch reef facies) and a condensed surface, concordant to the FS05 flooding surface in 
areas where the Nukhul Formation is absent (Figs 5.13 and 5.14). The interpretation that 
the North Feiran Fault was inactive at this time is similar to that interpreted for both the 
East Feiran and Hadahid monoclines. However, the thickness, distribution and facies in 
the Nukhul Formation differs markedly between all three outcrop areas; along the North 
Feiran Monocline, restricted accommodation and low clastic sediment supply resulted in 
deposition of carbonate patch-reefs, whereas higher amounts of early syn-rift incision-
related accommodation on the Hadahid Monocline and high clastic sediment supply 
result in deposition of coarse-grained tidally influenced deposits. 
Thinning of the lower most parasequence (T10-FSa) in the Lower Rudeis 
Formation eastwards towards the North Feiran Fault is interpreted to mark the initiation 
of forced folding of the free surface (Figs 5.13, 5.14 and 5.15C). The abrupt change to 
thickening and divergence of the Lower Rudeis Formation eastwards towards the North 
Feiran Fault above FSa is interpreted to mark the replacement of an at-surface growth 
fold by a surface-breaching fault segment (Figs 5.13, 5.14 and 5.15D). In contrast to the 
North Feiran Fault, the Hadahid and East Feiran monoclines are interpreted to continue 
as basinward dipping growth folds.   
 
5.5. DISCUSSION   
 
In this section the implications of this study are discussed for: (i) improving tectono-
stratigraphic models for the early development of rift basins and, in particular, for 
providing a better appreciation of the role of extensional forced folding on syn-rift stratal 
architecture and facies distributions; (ii) the tectonic augmentation of base-level fall 
during early rifting; and (iii) enhanced understanding the stratigraphic architecture, 
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distribution and connectivity of early syn-rift reservoirs on the limbs of extensional forced 
folds.  
5.5.1. Role of extensional forced folding on syn-rift stratal architecture and facies 
distributions
 
The role that faulting and extensional forced folding have on syn-rift stratal architecture 
and facies development during the early stages of rifting has been highlighted by 
numerous studies (e.g. Gawthorpe et al. 1997; Corfield and Sharp 2000; Keller and 
Lynch 2000; Sharp et al. 2000; Maurin and Niviere 2000; Gawthorpe et al. 2003; Ford et
al. 2007; Lewis et al. 2013). However, current understanding is based on; (i) seismic-
reflection and borehole data, which typically lacks the required vertical and spatial (i.e. < 
30 m) resolution to accurately constrain the detailed stratigraphic architecture of and 
facies distribution within the early syn-rift succession (Corfield and Sharp 2000; Keller 
and Lynch 2000; Maurin and Niviere 2000; Ford et al. 2007); or (ii) largely two-
dimensional, field-based data sets, which do not allow a detailed interrogation of along-
strike variations in faulting, forced folding and syn-rift architecture and facies at either 
fault segment or system scales (e.g. Gawthorpe et al. 1997; Sharp et al. 2000). Outcrop 
data presented in this study, allows a more detailed understanding of along-strike 
variations in the early syn-rift tectono-stratigraphic evolution of normal fault segments 
and systems.  
As faults display along-strike variations in throw and have plunging upper tips, it is 
expected that growth folding and surface faulting can occur simultaneously along strike 
of a single fault segment (i.e. Gawthorpe et al. 1997); and by extrapolation, between 
segments that form part of a larger fault system. For example, at the fault segment-scale, 
in Chapter 4 detailed outcrop analysis of the Lower Rudeis Formation adjacent to the 
East Gordi Fault, at the southern end of the Hadahid Fault Block, illustrates an along-
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strike change in stratal geometry from surface faulting-to-forced folding is coupled with 
an along-strike decrease in sub-surface fault throw over a lateral distance of c. 500 m. 
An along-strike variation in at-surface deformation also shown along the Hadahid 
Monocline where sub-surface variations in fault throw are interpreted to result in an 
along-strike variation in fold amplification during the earliest stages of forced folding. At 
the fault system-scale, it is illustrated that both forced folding and surface faulting can 
occur contemporaneously between segments. However, despite superficially appearing 
to lose throw northwards along the HFS (Whipp 2011, Cardozo et al. 2011), stratigraphic 
analysis of the early syn-rift succession indicates a more intricate relationship. For 
example, breaching the North Feiran Fault at the northern end of the fault system is 
contemporaneous to continued growth folding to the south, along the East Feiran and 
Hadahid monoclines.  
Furthermore, this marked variation in surface folding and faulting, and apparent 
suppressed relationship with fault throw, is well expressed by the present-day structural 
style along the central portion of the HFS, between the un-breached Hadahid Monocline 
and adjacent, surface-breaching Hadahid Fault and Ratamat segments (Fig. 5.4B). The 
reason for this marked lateral variation in structural style is beyond the scope of this 
paper, however previous work from along the HFS attribute a few possible controlling 
parameters which may be related to; (i) geometry and propagation history of the fault 
system; (ii) fault tip location with respect to the free surface at the onset of extension; and 
(iii) vertical and lateral changes in the mechanical stratigraphy of the overburden (Whipp 
2011, Cardozo et al. 2011). Regardless of the causal mechanism(s),  a key implication of 
the findings from this work that the role of growth folding and surface faulting can vary 
markedly during the evolution of a propagating normal fault system, and does not 
necessarily follow the simple, predicted model for an isolated fault segment (i.e. 
Gawthorpe et al. 1997). 
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5.5.2. Tectonic augmentation of base-level fall and implications for early syn-rift 
facies development and architecture
 
Systematic variations in the thickness of and angularity between, forced regressive, 
shallow marine sandstones and associated shelf mudstones, both towards and along-
strike of individual fault segments, suggests that tectonics played an important role in the 
sequence stratigraphic development of the Lower Rudeis Formation. To date, the impact 
of monocline limb rotation on erosion and deposition during forced regression has only 
been illustrated by a limited number of field-based studies (i.e. Gawthorpe et al. 1997; 
Gawthorpe et al. 2000), principally because subsurface datasets lack the vertical or 
lateral resolution to image or constrain relatively subtle stratigraphic variability. The key 
findings from these studies illustrate that: (i) forced regressive shallow marine 
sandbodies thin, amalgamate and may be completely removed by regressive erosion 
towards the crest of the rotating monocline limb; (ii) shallow marine sandbodies pinch-out 
down-dip, away from the monocline limb, into shelf mudstones; and (iii) key stratal 
surfaces that bound these sandbodies become less sharp and are eventually 
represented by correlative conformities, down-dip towards the growth fold axis; 
conversely, towards the monocline limb, they become increasingly more erosive and 
may result in the complete removal of underlying mudstones and sandstones associated 
with underlying (para)sequences. However, due to a paucity of studies, there are still 
uncertainties regarding the exact stratal architecture of early syn-rift shallow marine 
deposits and, in particular, how stratal thinning is accommodated both towards and 
along-strike of an active forced fold. Using data from this study, which is principally 
derived from a relatively narrow belt on the middle of the monocline limb, it is speculated 
what stratigraphic architectures may be present up and down-dip from these locations, 
with a particular emphasis on how limb rotation above an active forced fold may drive 
relative sea-level change and the resultant stratigraphic architecture. To do this two ‘end-
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member’ fault growth scenarios are used: (i) limb rotation during base-level rise, and (ii) 
limb rotation base-level fall (Fig. 5.16).    
In the first scenario, where limb growth is restricted to periods of base-level rise, 
thinning and onlap of syn-rift strata is accommodated exclusively by shelf mudstones in 
the lower parts of parasequences (Fig. 5.16A). Shallow marine sandbodies are tabular 
and amalgamate towards the crest of the fold limb, due to limb rotation from an earlier 
period, and the lower bounding surface (basal surface of forced regression; sensu 
Posamentier et al. 1992) is sharp (cf. Gawthorpe et al. 1997) (Fig. 5.16A). A similar 
stratigraphic architecture is observed, and inferred to be formed by a similar temporal 
relationship between the timing of fold growth and relative sea-level changes, adjacent to 
the Hadahid Monocline, where a northwards increases in fault throw during the 
deposition of the lowermost parasequence (i.e. FS10-FSa) is accommodated by 
thickening of shelf mudstones, which are then capped by a broadly tabular, sharp-based, 
shoreface sandbody (Fig. 5.5B).  
In the second scenario, where fault growth is restricted to periods of base-level 
fall, thinning and onlap of syn-rift strata is accommodated exclusively by wedge-shaped 
shoreface sandbodies, which amalgamate towards the fold (Fig. 5.16B). Basal surfaces 
of forced regression are sharp near the fold and become more gradational into the 
flanking syncline, mainly because subsidence in the developing depocentre suppresses 
the effects of the regional base-level fall. Shelf mudstones are tabular and truncated 
beneath shoreface sandbodies. Elements of this scenario are observed in the 
hangingwall of the North Feiran Fault, where the lowermost shoreface sand body thins 
towards the un-breached fold limb (Fig. 5.13). It is recognised that these are end-
member scenarios and predict that there are likely situations when limb rotation occurs 
during both rising and falling regional base level, where both shelf mudstones and 
forced-regressive shoreface sandstones would thin towards the fold (e.g. lowermost 
parasequence, i.e. FS10-FSa, in the North Feiran Fault hangingwall; Fig. 5.13).  
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It is not possible to accurately determine if base-level changes were driven by 
local tectonic uplift or eustatic sea-level falls in this study. However, the observations 
from this study illustrate that at the relatively small-scale, fault-segment scale tectonics 
plays a key role in controlling the sub-seismic (i.e. < 30 m) distribution and stratal 
architecture of early syn-rift deposits.  
5.6.1. Implications for early syn-rift reservoir distribution and connectivity 
 
The observations and interpretations presented in this study help to further characterise 
the uncertainty associated with the sub-seismic scale reservoir architecture associated 
with subtle, poorly explored, early syn-rift stratigraphic traps (Fig. 5.17). Traps such as 
these are inherently riskier, because they are buried beneath thick late syn-rift 
successions that, despite providing potential seals, result in poor imaging of the 
underlying target interval. Regardless of these uncertainties, in many mature offshore or 
onshore hydrocarbon provinces, in which the shallower and more accurately imaged 
large-scale fault bound tilted footwall traps typically form the principal traps (e.g. Gulf of 
Suez, North Sea), these early syn-rift hangingwall plays may represent a key, albeit more 
marginal, near-field exploration target.  
In this study it is demonstrated that variations in the connectivity of shoreface 
reservoirs are likely to vary systematically with changes in gross stratal unit thickness 
(Fig. 5.17). For example, stratal thinning towards the fold crest during forced folding will 
be partly accommodated by the amalgamation of successive sandbodies and result in 
higher net-to-gross higher up the fold limb. However, the higher the position on the fold 
limb, the higher the potential risk that reservoir facies may have pinched-out. In contrast, 
during surface faulting, stratal thickening towards the newly breached segment will result 
in a decrease in sandbody amalgamation, lower net-to-gross and poorer reservoir 
connectivity (Fig. 5.17). In addition, systematic variations in individual sandbody 
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thickness may also relate to the gross changes in the larger-scale stratal thickness; such 
that an increase in reservoir connectivity is coupled with a decrease in individual 
sandbody thickness towards an active fold limb (Fig. 5.17). Furthermore, it is illustrated 
that the timing of forced folding and surface faulting can vary along a single fault 
segment and/or between segments, meaning that predicting reservoir architecture and 
connectivity, even within a single time-equivalent stratigraphic unit, can be very 
challenging (Fig. 5.17). 
Syn-depositional forced folding not only impacts the development of shallow 
marine reservoirs. Depending on the water depth in which forced folding occurs and the 
nature of the latest syn-rift/earliest syn-rift depositional systems, incision of the fold limb 
may result in the deposition of relatively thin, laterally restricted, fluvial (e.g. V; Figs. 5.10 
and 11) or tidal (e.g. V; Figs. 5.5 and 5.6) reservoirs that are confined in incised valleys. 
Furthermore, in areas away from clastic input and/or reworking, carbonate reservoirs 
may be locally developed (Fig. 5.17). However, predicting the thickness, continuity and 
quality of these reservoirs is difficult to constrain using data presented only in this study. 
Regardless of this, this study highlights the types of issues that may face geoscientists 
exploring for these types of plays in extensional basins (Fig. 5.17).  
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5.7. CONCLUSIONS 
 
Exceptional quasi-3D exposures of both late pre-rift and early syn-rift structures and 
associated stratigraphy of Hadahid Fault System (HFS), eastern Suez Rift, Egypt, are 
used to: reconstruct the early syn-rift tectono-stratigraphic evolution of three fault/fold 
segments that form part of a c. 30 km long, segmented, block-bounding normal fault 
system. The conclusions of our study are: 
 
1. The development of early syn-rift facies across HFS is characterised by four 
distinct phases of deformation that produce an overall upward-deepening syn-rift 
succession. Local variations in the timing and style (i.e. forced folding or surface 
faulting) between fault segments result in marked spatial variations in syn-rift 
stratal thickness architecture along the fault system. 
  
2. During the earliest stages of normal fault growth (i.e. forced folding), syn-rift stratal 
wedges are shown to thin towards and onlap onto the at-surface monocline. 
During later-stage fault growth (i.e. surface-breaking faulting), syn-rift strata 
thicken and diverge towards the newly breached fault surface. 
 
3. The process of forced folding followed by surface-breaking faulting is shown to 
develop simultaneously at the fault system-scale (i.e. > 5 km) along the HFS. 
However at this scale, the relationship between decreasing fault throw and along-
strike transition from a surface-breaking fault to a forced fold is not observed. 
These findings highlight the early evolution of a propagating normal fault system 
can vary markedly, and may not necessarily follow the simple, predicted model for 
an isolated fault segment (i.e. Gawthorpe et al. 1997) 
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4. The interaction between the initiation of extensional forced folding, and larger-
scale base-level fluctuations during early stages of rift development can impact 
the formation and development of syn-rift palaeo-valleys (c. 10 m deep) across 
proto-monocline limbs, and also impact the along-strike variability in the thickness, 
age and facies (i.e. continental or shallow marine facies) of the infilling strata 
between individual fault segments along a fault system.   
 
5. The interaction between the timing of fault-segment scale tectonics and the 
augmentation of base-level falls is interpreted to play a key role in controlling the 
sub-seismic (i.e. < 30 m) distribution, thickness and stratal architecture of early 
syn-rift, forced regressive shallow marine sandbodies. 
 
6. The observations and interpretations from this study help to further characterise 
and broaden our understanding of the uncertainty associated with the sub-seismic 
scale reservoir architecture in under-explored early syn-rift, fault-bound 
hangingwall or structurally enhanced stratigraphic hydrocarbon traps, which are 
inherently difficult to constrain in the subsurface 
 
5.8. FIGURES 
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Fig. 5.1: Breached forced fold and associated 
hydrocarbon trap styles. Forced fold limb is 
passively translated down the fault during its 
transition to a surface breaching structure, leaving a 
remnant early-syn-rift structure which thins towards 
and onalps onto the breached fold surface. Two 
hydrocarbon trap types may develop (i) 
hanging-wall fault-bound and/or (ii) structurally 
enhanced stratigraphic trap. In this example from 
the Stavanger Fault System, Egersund Basin, North 
Sea the gross stratal geometries can be resolved, 
however the detailed reservoir architecture and 
facies development is un-resolved. Modified from 
Lewis et al. 2013.
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Fig. 5.2: (A) Regional location, geological map of the Hadahid Fault Block (modified from Moustafa 1993). 
Study areas are delineated by the red boxes. (B) Regional geological section illustrating the scale and 
geometry of the normal fault bound blocks (re-drawn from Patton et al. 1994). HFB = Hadahid Fault Block; 
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Fig. 5.5 (over page): (A) Detailed geological map and high resolution satellite image of the Hadahid 
Monocline. Note the Abu Zenima Formation is absent along this portion of the HFS. Five locally defined 
flooding surfaces with the Lower Rudeis Formation are identified and correlatable along the limb of the 
monocline. (B) Fault-parallel log correlation along the Hadahid Monocline Limb. The style of incision into the 
late pre-rift is highly asymmetric, and in-filled by coarse grained tidal heterolithics of the Nukhul Formation. 
Note the lowermost parasequence within the Lower Rudeis thins from 13 m thick in the NW to 3 m 
thick/absent in the SW. The regional locations of the map and log sections are shown in Fig. 5.2 and Fig. 5.4. 
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Fig. 5.6: The Hadahid Monocline, pre-rift to syn-rift transition. (A) Photograph along the central portion of the 
monocline limb. Note the change in truncation style of the late pre-rift Mokattam Formation from 
steep/vertical in the centre of the photograph to a more gradual and subtle style to the north. The incised and 
truncated pre-rift strata are in-filled by structurally concordant coarse-grained tidal heterolithics of the Nukhul 
Formation. The Abu Zenima Formation is absent in this location. (B) Photograph looking southwards along 
the southern part of the Hadahid Monocline and the northern part of the Ratamat Segment. Southwards 
increase in monocline limb-dip, and rapid overturning and over-thrusting of both pre- and syn-rift strata. Note 
the absence of the Nukhul Formation and along-strike pinch-out of the lowermost parasequence (FS10-FSa). 
In addition, the combined T00-FS10 surface is markedly bored, representing a long-lived hiatus surface. 
Location of both photographs is shown in Fig. 5.5A. V = palaeo valley infill.
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Fig. 5.15: North Feiran Fault tectono-stratigraphic 
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Fig. 5.16: Tectonic augmentation of base-level falls on early syn-rift facies development and architecture. 
Two end-member fault growth scenarios are illustrated (i) fault growth during rising base-level, and (ii) fault 
growth during falling base-level only. (A) Fault growth during rising base-level, growth of the monocline limb 
is accommodated by thickening of the mud-dominated shelf bodies. Sand-dominated shoreface bodies 
uniform in thickness and truncate underlying mudstones and amalgamate towards the limb crest. (B) Fault 
growth during falling base-level only, growth of the monocline limb is accommodated by thickening of the 
sand-dominated shoreface bodies. Mud-dominated shelf bodies are of uniform thickness and truncated by 
overlying successive sandbodies and amalgamate towards the limb crest. The lower bounding regressive 
surface of individual sandbodies may transition from sharp to gradational in the fold axis. 
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Fig. 5.17: Implications for early syn-rift reservoir distribution and connectivity. Summary block diagram 
illustrating the key implications for reservoir architecture and facies development associated with extensional 
forced folds and surface faulting developed during the early stages of rift development. The structural style 
of forced folding and surface faulting can vary along a single fault segment and between fault segments 
along-strike. This change in structural style forms the primary control on stratal architecture and potential 
reservoir architecture along-strike and adjacent to a hangingwall depocentre. Stratal thinning is associated 
with an increased likelihood of sandbody amalgamation, and coupled with a decrease in thickness of 
individual sandbodies. Secondary reservoirs may develop within the erosional features on the monocline 
limb. However, predicting there location, and vertical/lateral extent or connectivity is highly uncertain.
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CHAPTER 6
 
6. DISCUSSION AND FUTURE WORK 
 
6.1. DISCUSSION  
 
The key implications of the findings from this thesis are discussed here; and are 
structured around the style and process of normal fault growth, and its impact on syn-rift 
stratigraphic architecture and facies development in both salt-influenced and non-salt 
influenced rift settings. Four specific themes are focused on; (i) the structural style and 
evolution of normal faults, (ii) the controls on normal fault growth and impact of 
inheritance, (iii) early syn-rift stratal architecture and facies development, and (iv) the 
implications and possible applications of this study in reducing uncertainty in future 
hydrocarbon exploration and production.  
 
 
6.1.1. The structural style and evolution of normal faults 
 
Structural style  
The structural style and geometry of salt-influenced rift basins has been shown to be 
significantly more complex than in non-salt-influenced rifts e.g. Channel Basin (Harvey 
and Stewart 1998), North Sea (Stewart 1996 and 1997; Kane et al. 2010), Danish 
Central Graben (Duffy et al. 2012); Egersund Basin (Lewis et al. 2013; Jackson and 
Lewis, in press); Norwegian Sea (Pascoe et al. 1999; Corfield and Sharp 2000; 
Richardson et al. 2005; Marsh et al. 2010), Rhine Graben (Ford et al. 2007), Suez Rift 
(Colleta et al. 1988; Jackson and Rotevatn 2013), and Northern Jeanne d’Arc Basin 
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(Withjack and Calloway 2000). A key observation common to all of these salt-influenced 
settings is the increasing importance, and prevalence of cover folding and distributed 
cover faulting. In addition, where salt is thicker and/or mobile, structures purely related to 
halokinesis may develop (e.g. Stewart and Clark 1999). Relatively large-scale, c. 20 km 
wide, tilted fault blocks, which are typical of non-salt-influenced rifts, are restricted to the 
sub-salt portion of salt-influenced rifts. These observations complement the findings from 
the Stavanger Fault System (SFS), where the sub-salt structure forms a relatively simple, 
segmented normal fault system, which is overlain by an extensional forced fold and a 
suite of predominantly cover-restricted, normal fault arrays and associated salt-cored 
structures. 
Recent studies utilising 3D subsurface data sets show the process of forced 
folding and surface-breaking faulting varies both spatially and temporally along a salt-
influenced fault system (e.g. Kane et al. 2010, Duffy et al. 2012). In these examples, the 
style of cover deformation is shown to change from forced folding to a surface-breaking 
fault during continued sub-salt fault growth. In contrast, results from the SFS illustrate 
forced folding continues throughout the entire extensional phase (from mid-Jurassic to 
mid-Cretaceous), and the transition from forced folding to surface-breaking faulting is 
restricted to the northern portion of the fault system. The prevalence of forced folding 
over surface-breaking faulting is also observed along the Sele High and Lista Nose fault 
systems, which bound the western and eastern margins of the Egersund Basin, 
respectively (Jackson and Lewis 2013).  
In addition to results from the SFS and other published examples of salt-
influenced normal fault systems (cited), numerous studies illustrate the process of forced 
folding, followed by surface-breaking faulting, is also present in non-salt-influenced 
settings. However, in basins devoid of evaporite-rich detachments, forced folds are 
typically significantly smaller in scale (c. < 500 m wide) and generally considered 
transient features, only present during earliest stages of normal fault growth (Schlische 
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1995, Dawers and Underhill 2000, McLeod et al. 2000, Young et al. 2001, Jackson et al. 
2002 and Gawthorpe et al. 2003). This is supported by outcrop data from the Suez Rift in 
case studies (ii) and (iii), which illustrate the process of forced folding followed by 
surface-breaking faulting. Importantly, the contemporaneous transition from forced 
folding to surface-breaking faulting along a single fault is documented in the example 
from along the East Gordi Fault. To date this has only been clearly demonstrated in one 
other salt-influenced example (Corfield and Sharp 2000), and has only been inferred for 
non-salt influenced settings (e.g. Gawthorpe et al. 1997).  
 
Fault array evolution  
Fault array evolution in salt-influenced rift basins is typically controlled by three 
interacting processes; (i) thick-skinned extension, (ii) halokinesis and (iii) thin-skinned, 
gravity gliding (Petersen et al. 1992; Koyi and Petersen 1993; Penge 1993; Stewart and 
Coward 1995; Thomas and Coward 1996; Clark et al. 1998; Penge 1999; Stewart et al. 
1999; Jackson and Larson 2009; Kane et al. 2010; Marsh et al. 2010; Wilson et al. 
2013). In contrast, within non-salt-influenced rift basins the latter two process obviously 
do not occur (e.g. Gupta et al. 1999; Dawers and Underhill 2000; Leeder et al. 2002; 
Gawthorpe et al. 2003). The primarily difference between salt-influenced and non-salt 
influenced settings, is that during the later-stages of fault array evolution in basins where 
salt is absent (or in the sub-salt units of a salt-influenced fault system) strain typically 
localises, resulting in an overall reduction in the number of active faults. The opposite 
relationship is true for supra-salt cover units, where normal faulting is typically widely-
distributed.  
Case studies presented in this thesis complement these general observations. For 
example, across the SFS, strain is localised on a narrow sub-salt fault system, and cover 
strata are initially folded before deformation is accommodated by distributed cover 
faulting. Across the HFS, stain is interpreted to localise on the fault system during the 
191
onset of the rift climax. However, across the SFS, the cover-restricted fault array is not 
formed by the (commonly interpreted) process of gravity gliding, but solely in response to 
thick-skinned extensional processes. This interpretation is primarily achieved by the 
quantitative analysis of sub- and supra-salt fault arrays. To date, relatively few studies in 
salt-influenced rifts use this fundamental technique to directly quantify, understand and 
constrain the processes and kinematics of normal fault growth in supra-salt strata.  
In addition to the prevalence of fault growth by thick-skinned deformation across 
the SFS and HFS, the process by which these segmented fault systems arrive at their 
mature state may also be ascribed to the ‘coherent’ fault growth model (sensu Walsh et 
al. 2003). Although fault growth by ‘coherence’ is not specifically discussed along the 
HFS in case study (iii), the interpretation is based on the contemporaneous growth and 
rapid linkage of individual segments during the onset of deposition of the Lower Rudeis 
Formation. This is similar to the observations made to the north in the Hammam Faraun 
Fault Block (Gawthorpe et al. 2003). This model of fault growth is often attributed to rifts 
strongly influenced by pre-existing (i.e. inherited) structural fabrics (e.g. Walsh et al. 
2002).  
However, in detail the application of the coherent fault growth model for the HFS 
may also be questioned. For example, isolated fault segments are seen to be active at 
different times along the fault system (e.g. the Hadahid Monocline and East Feiran 
Monocline segments), favouring the process of fault growth by isolated segments. This 
line of argument may be rebutted, as does not necessarily mean the fault system was 
not coherent system at-depth (i.e. at basement level), and the apparent growth of 
isolated segments at the surface is a function of the lateral variation in vertical 
propagation of the fault system from depth. This line of argument is similar to the findings 
from the SFS where the supra-salt cover faults appear to form a series of isolated 
segments, linked through the process of incidental growth and linkage – but when the 
192
entire fault system is analysed, including deeper stratal levels (i.e. sub-salt), the fault 
system is more readily described and interpreted as a single, coherent system.   
 
6.1.2. The controls on normal fault growth and impact of inheritance 
The controls on and process of deformation above a propagating fault-tip during the 
earliest stages of normal fault growth largely varies as a function of the mechanical 
properties of the rocks involved in the deformation (i.e. mechanical stratigraphy; Dominic 
and McConell 1994; Erickson 1996), and the active stress field/rate of fault propagation 
(King and Yielding 1984; Jamison 1992). For this reason, within multilayer sequences 
(e.g. interbedded sandstones and shales) the style of deformation (i.e. brittle vs. ductile) 
around the tip of a propagating normal fault maybe either by the processes of faulting 
(i.e. brittle deformation), or folding (i.e. ductile deformation). Field and modelling studies 
support this lithological control on the style and magnitude of deformation (e.g. Withjack 
et al. 1989 and 1990; Gross et al. 1997; Finch et al. 2004; Fodor et al. 2005: Jackson et 
al. 2006; Ford et al. 2007). This is especially true in salt-influenced fault systems, where 
salt acts to restrict the upwards propagation of the upper fault-tip, to increase the 
distribution of extensional strain around it and thereby increase the zone of flexural 
deformation (e.g. Withjack et al. 1989 and 1990; Pascoe et al. 1999; Withjack and 
Calloway 2000). Along the SFS, the relationship between the upwards restriction of a 
propagating fault-tip by an overlying evaporite rich unit, and the widening distribution of 
strain is illustrated. For example, during the earliest stages of basement-involved fault 
growth, folding in the supra-salt cover strata changes in style along-strike from a tight 
and narrow structure in the north, to a broad and open structure in the south. The 
southwards increase in fold width is concordant with the southwards transition to a sub-
salt-restricted fault-tip. However, in this example the distance of the salt weld in the 
hangingwall from the sub-salt fault system formed prior to the onset of mid-Jurassic 
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extension appears to more strongly relate to the width and style of the monocline. To 
date, observations related to the pre-rift distribution and architecture of salt, and its 
control on the geometry and style of subsequent forced folding in subsurface examples, 
is sparse and thus poorly documented respectively. In this thesis the presence or 
absence of salt on the pre-rift footwall is illustrated to form a primary control on the style 
of normal fault growth. This is also illustrated on the Sele High and Lista Nose fault 
systems, which form the western and eastern margins of the Egersund Basin, 
respectively. In contrast to other, comparable subsurface studies, the primary control on 
the style of forced folding followed by surface-breaking faulting is fault throw; however 
these studies either lack (i) the preserved footwall stratigraphy to constrain the thickness 
of salt or timing of surface-breaching (i.e. Duffy et al. 2013) or (ii) high-quality seismic 
reflection data to accurately constrain salt thickness or distribution (i.e. Kane et al. 2010).  
To date, the impact of re-activated structural fabrics during basin extension in non-
salt-influenced settings has largely focussed on fault array architecture (Ranalli and Yin 
1990; Bartholomew et al. 1993; Færseth 1996; McClay and Khalil 1998; Meyer et al. 
2002; Morley et al. 2004; Bellahsen & Daniela 2005), and is rarely highlighted as a 
specific control on extensional forced folding. Fault growth in the presence of pre-existing 
structural fabrics will likely impact both the strike of individual segments (i.e. development 
of rift-orthogonal segments) (Ranalli and Yin 1990), and also the propagation rate of the 
upper fault-tip (Fig. 6.1). For example, in a scenario where a structural fabric is present 
within the pre-rift sequence, the rate of fault propagation is likely to increase through the 
linkage and exploitation of brittle discontinuities, and hence reduce the duration and 
magnitude of forced folding during normal fault growth (Fig 6.1).  
In this thesis, the impact of re-activated structural fabrics on forced folding is 
inferred from the relationship between changes in fault-strike and the structural style 
along the HFS in case study (iii). At the regional scale across the Suez Rift, four distinct 
(orientation-based) fault populations are identified, all of which are attributed to re-
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activated fabrics, varying in both prevalence and antiquity (e.g. Patton et al. 1994). With 
respect to the HFS, two dominant re-activated fabrics are recognised; NW-SE rift-
parallel, Palaeozoic to Pre-Cambrian age fabric (Abu Zeid 1985; Patton et al. 1994) and 
the NNW-SSE rift-orthogonal, Miocene aged fabric (Garfunkel & Bartov 1997). The 
partitioning of forced folding and surface-breaking faulting along the HFS is observed to 
correlate to changes in fault strike. For example, force folded segments are restricted to 
NW-SE, rift-parallel structures (e.g. Hadahid Monocline, and the East and West Feiran 
monoclines), and surface-breaking segments are restricted to NNW-SSE, rift-oblique 
structures (e.g. Ratamat Segment, Hadahid Fault, and North Feiran Fault). To rationalise 
this observed relationship, the age/antiquity of a fabric is used a proxy for its vertical 
distribution within the pre-rift sequence (Fig. 6.1). For example, a relatively young fabric 
would reside higher in ‘pre-rift’ sequence and hence favour the rapid upwards 
propagation of a fault-tip (Fig. 6.1). This line of rationale is consistent with the antiquity of 
re-activated structural fabrics and the structural style of fault growth along the HFS. The 
impact of this understanding is that re-activated segments may favourably breach the 
surface earlier during basin extension compared to newly initiated segments. 
Furthermore, this spatial variation in structural style during basin extension may also 
occur between re-activated structures of varying antiquity.    
 
6.1.3. Early syn-rift stratal architecture and facies distribution
Stratal architecture
The control of faulting and folding on syn-rift stratal architecture during the early stages 
of rifting has been illustrated in both salt-influenced and non-salt influenced settings (e.g. 
Jackson and Leeder 1994; Gawthorpe et al. 1997; Gupta et al. 1999; Corfield and Sharp 
2000; Dawers and Underhill 2000; Sharp et al. 2000; Maurin and Niviere 2000; Corfield 
et al. 2001 Gawthorpe et al. 2003; Richardson et al. 2005; Ford et al. 2007; Kane et al. 
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2010; Duffy et al. 2013). During the earliest stages of fault growth, individual stratal units 
thin towards at-surface force folds and expand basinward, away from the monocline limb 
into the adjacent syncline. Intra-formational truncation and onlap surfaces, which 
increase in number and angularity toward and onto the basin-bounding monocline, are 
typically developed within these stratigraphic wedges. During the latter stages of fault 
growth, breaching of the surface by the fault-tip results in the deposition of a stratal 
wedge that thickens into the basin-bounding fault (Gawthorpe et al. 1997). These two 
stratal styles are illustrated in all three case studies within this thesis. One of the key 
differences between the stratal geometries in salt- and non-salt-influenced settings is the 
scale, both in amplitude and width, of stratal onlap and thinning during forced folding. For 
example, along the main limb of the Stavanger Monocline strata is illustrated to thin from 
c. 2 km in the fold axis to c. 1 km in the fold-crest. Although, a similar scale and of onlap 
and thinning towards the Hadahid Monocline may be invoked given the present-day 
structural style; this is not a common feature of non-salt-influenced settings and is likely 
due to the localisation of strain away from this segment onto the basin-bounding Gebel 
El Turr Fault during the rift-climax.  
Data from the SFS illustrate that during the later stages of forced folding the 
stratal architecture of syn-rift deposits may be markedly influenced locally by footwall 
deformation (i.e. footwall graben); resulting in more heterogeneous and segmented 
footwall stratal architecture. Similar footwall-restricted graben structures are interpreted 
in the non-salt influenced Suez Rift; however, these are typically of a smaller-scale in 
magnitude and duration (e.g. Jackson 2006). Lastly, an important distinction from 
previous studies (except Corfield and Sharp 2000) is that in this thesis the transition in 
stratal style along-strike is observed in the field and in subsurface data as a 
contemporaneous process; and furthermore, one that is common to both salt-influenced 
and non-salt-influenced settings.  
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Rift initiation facies distribution 
During the rift-initiation phase when tectonic-subsidence rates are low and fault-related 
relief is subdued (e.g. Gawthorpe and Leeder 2000), fluctuations in base-level and/or 
antecedent drainage are typically interpreted to form a principal control on facies 
development and sedimentation pathways (Schlische and Anders 1996; Ravnås and 
Bondevik 1997; Ravnås et al. 1997; Dawers and Underhill 2000; Davies et al. 2000; 
Trudgill 2002; Jackson et al. 2005; Jackson et al. 2006; Kieft et al. 2010; Ford et al. 
2013; Mannie et al. 2013). However, detailed sub-seismic scale understanding of facies 
distribution in early syn-rift deposits is inherently lacking as they are often deeply buried, 
typically at or near the limit of seismic resolution, and sparsely sampled by borehole data 
in the subsurface. In this thesis, detailed analysis from two outcrop based case studies 
help to characterised the detailed facies development at the intra-fault block scale (i.e. 
the Abura Graben) and also along-strike, at the fault system scale (i.e. the HFS). The 
findings from these studies are broadly consistent to previous studies in both salt-
influenced and non-salt influenced settings, but they serve to provide a more detailed 
account of the variability in early syn-rift facies development.  
Observations both along the HFS fold limb and within the Abura Graben, illustrate 
facies distribution is primarily influenced by fault-segment scale tectonics and regional 
changes in base-level, and not due to fault-driven changes in relative sea-level (i.e. 
Gawthorpe et al. 1994). This is observation is in line with the majority of early syn-rift 
studies, including the Egersund Basin (Mannie et al. in press) which imply fault-related 
relief is subdued and/or out-paced by sedimentation during the ‘rift-initiation’, resulting in 
an absence of abrupt cross-fault or along-strike changes in facies deposition (e.g. 
Gawthorpe and Leeder 2000). This contrasts to the general interpretation of ‘rift-climax’ 
stage (sensu Prosser 1993) where fault related-relief is marked and/or our out passes 
sedimentation. However, the transition between the ‘rift-initiation’ and ‘rift-climax’ stages 
can be challenging to constrain or define in reality. For example, across the Suez Rift, 
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the transition into the ‘rift-climax’ stage is recognised regionally by an increase in 
subsidence rate (Krebs et al. 1997). However, the impact of this increase in subsidence 
on the facies development within the rift varies markedly. This is illustrated within the 
Lower Rudeis Formation along the HFS, which was deposited during the onset of the 
‘rift-climax’ stage (Patton 1994; Krebs et al. 1997). In the south, the Lower Rudeis is 
characterised by a thick (c. 200+ m) series of aggradationally stacked shoreface deposits 
and shoal-water delta conglomerates, recording no clear change in apparent base-level. 
In contrast, across the centre of the fault system, the Lower Rudeis Formation comprises 
a relatively thin (c. 70 m) sequence of retro-gradational stacked shoreface sands which 
shale upwards into offshore mudstone, representing an appreciable rise in base-level. 
Between these two locations, the same regional increase in basin subsidence is 
characterised differently within the rock record. This has important implications for using 
general terms of ‘rift-initiation’ or ‘rift-climax’ when describing the tectono-stratigraphic 
evolution of rift basins and using them as a tool for predicting facies development within 
a rift.     
The observed link between stratal thinning, erosional truncation and facies 
distribution in early syn-rift deposits is important to understand when predicting detailed 
facies variations in the subsurface, in both salt-influenced and non-salt-influenced 
settings. However, the spatial distribution and amalgamation of coarse-grained facies 
towards or away from an active fold-limb inherently depends on the type of facies 
deposited. This is expressed well by the Nukhul Formation (SU2) in Abura Graben, 
where sandbodies are shown to amalgamate along the graben axis. In contrast, 
sandbodies within the Abu Zenima (SU1) and Lower Rudeis (SU3) formations are shown 
to amalgamate away from the graben axis. It is also important to appreciate that time-
equivalent units may vary significantly between different, intra-fault block depocentres. 
For example, in contrast to the Nukhul Formation developed within the Abura Graben, 
the Nukhul Formation developed within the Hammam Faraun Fault Block is shown to 
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focus finer-grained facies along graben axis, with coarser grained facies restricted to the 
graben margins (e.g. Carr et al. 2003).  
The integration of these facies-scale observations to the gross stratal architecture 
allows us to improve our insights on facies architecture within the geometries observed in 
subsurface data. For example, specifically within the Egersund Basin, the facies 
distribution in the footwall of the SFS graben developed during the deposition of the 
fluvial-deltaic Bryne Formation may be similar (i.e. axially channelled) to that seen in the 
Nukhul Formation in the Abura Graben, which lies on the footwall to the major basin 
bounding HFS. 
 
6.1.4. Applications to hydrocarbon exploration and production 
 
The observations and interpretations presented in this thesis are directly applicable to 
help reduce uncertainty in future hydrocarbon exploration and production in both salt-
influenced and non-salt-influenced extensional basins. Specifically three themes are 
identified; (i) early syn-rift reservoir architecture, (ii) early syn-rift exploration, and (iii) 
sub-salt exploration. 
 
Early syn-rift reservoir architecture  
The prediction of early syn-rift reservoir facies architecture inherently carries a high 
degree of uncertainty, compared to late syn-rift deposits, which are typically thicker, more 
aerially extensive, better exposed in the field, and better sampled by seismic and 
borehole data in the subsurface. The data and interpretations presented in this thesis 
from the Suez Rift in case studies (ii) and (iii) may help reduce early syn-rift reservoir 
uncertainty. In both case studies, local fault scale tectonics are shown directly impact the 
thickness of syn-rift strata developed, and also how sub-seismic scale reservoir facies 
variations are accommodated by changes in stratal unit thickness. The link between 
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changes in stratal thickness and facies architecture is key relationship to appreciate in 
the planning of exploration targets and/or infilling production wells. For example in a 
scenario where shallow marine shoreface facies form the main reservoir, a well located 
in an up-dip position (i.e. towards the limb crest) is likely to have an inherently higher 
chance of intersecting amalgamated, connected reservoir bodies; but may risk thin or 
absent reservoir due to a pinch-out further down-dip. In contrast, a well drilled towards 
the hangingwall-syncline axis is likely to intersect more poorly connected reservoir 
bodies, but individual bodies are expected to be thicker and better developed. 
Furthermore, at the reservoir scale (i.e. km-scale), the contemporaneous transition from 
a forced fold to surface-breaking fault along-strike is an important to process to 
appreciate when correlating hangingwall reservoir intervals between wellbores. However, 
as illustrated in case study (ii) the relationship between stratal thinning and architecture 
of coarse grained reservoir facies inherently depends on the facies developed within the 
early syn-rift. 
A subsurface example illustrating the impact of growth folding on syn-rift reservoir 
architecture is found within the shallow marine sandstones of the early syn-rift Garn 
Formation on Smørbukk fault block and Smørbukk South oil field, across the Halten 
Terrace, mid-Norway (i.e. Corefield et al. 2001). In this example, the lower portion of the 
Garn Formation is restricted to down-dip depocentres in the fold axis and, onlap towards 
and pinches-out onto rotated pre-rift strata of the fold forelimb. In contrast, the reservoir 
sandstones in the upper portion of the Garn Formation are restricted to a crestal position 
and pass down-dip into shelf/offshore mudstone facies in adjacent hangingwall 
depocentres. Within this formation, similar to the examples from the Hahahid Fault Block 
in this thesis, there is a clear relationship between fault-controlled basin physiography 
and facies distribution, which clearly have important implications for understanding 
reservoir geometry of syn-rift reservoirs. 
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Early syn-rift exploration 
The observations and interpretations from case studies (ii) and (iii) have a direct 
application to continued hydrocarbon exploration early syn-rift fields within the Suez Rift, 
and potentially more widely to rifts in general. For context, in 2003 the production from 
the early syn-rift Nukhul and Rudeis formations represented an appreciable proportion of 
11.5% and 20% of the hydrocarbon output from the gulf, respectively (Alsharhan 2003).
In addition to the detailed reservoir architecture described previously, the identification of 
both intra-formational seal horizons and regional flooding surfaces within the early syn-
rift sequence, and the formation of traps (both structural and stratigraphic) are 
fundamental to help refine the petroleum play for this interval (Fig. 5.17; Fig 6.2). The key 
proponent for the early syn-rift play is charge from the primary pre-rift source within the 
basin, the Upper Cretaceous brown calcareous shale of the Duwi Formation (Alsharhan 
2003). However, minor source rocks are also present within the Nukhul and Rudeis 
Formations across the rift (Alsharhan 2003). In this thesis, the potential petroleum play 
for the early syn-rift sequence is summarised in the chronostratigraphic chart, highlights 
the relationship between the reservoir and seal development within each of the stratal 
units studied (Fig. 6.2). 
 
Sub-salt exploration
Large-scale (c. 20km wide) tilted pre-rift fault blocks can form an attractive and prolific 
play type in salt-influenced settings; as the overlying salt provides an excellent seal, and 
trap geometries can often be large (i.e. BBL-scale). However, a key problem that may be 
encountered below thick salt layers is the abrupt decrease in fidelity of the sub-salt 
seismic image. This is commonly demonstrated in the Red Sea Rift. To solve this 
geophysical problem, improved acquisition and processing techniques are used. 
However, from a geological perspective, the appreciation of a kinematic linkage between 
sub- and supra-salt fault populations (i.e. the SFS, case study (i)) may also provide 
201
significant insights into the sub-salt fault architecture. For example, in the absence of an 
accurately imaged or defined sub-salt fault architecture, detailed strain analysis of the 
supra-salt faults may provide an insight into the lateral variation of strain in the sub-salt. 
However, it must also be appreciated that supra-salt fault arrays may be formed by the 
processes of halokinesis and thin-skinned gravity gliding, thus may be kinematically de-
coupled from the sub-salt structures.  
In addition, the control of footwall salt presence on the structural style of salt 
influenced fault growth, demonstrated along the SFS, also has a potential impact on how 
salt thickness is interpreted in poorly imaged subsurface data sets. This is important as 
interpreting the presence or absence of salt on the footwall of a sub-salt trap may form a 
key seal risk. In addition, the presence of absence of footwall salt may have a significant 
impact on the migration of hydrocarbons from supra-salt hangingwall strata into an 
adjacent pre-salt footwall trap.  
6.2. FUTURE WORK  
 
The completion of this thesis and the associated co-authored manuscripts (see 
appendix) has identified several further research opportunities that may aid to improve 
the understanding in structural style, and stratigraphic response to normal fault growth 
and associated folding in both salt-influenced and non-salt influenced extensional basins.  
 
6.2.1. Length-scale and duration of geometric and kinematic coherence in salt-
influenced normal fault arrays 
 
The aim of this work is to further improve our understanding of the along-strike variation 
in the structural style and process of salt-influenced normal fault growth and forced 
folding. This work builds on the published example from the SFS, and extends the fault 
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analysis and stratal architecture work eastwards across onto the Lista Nose Fault 
System. Preliminary results complement those from the adjacent SFS and illustrate the 
geometric and kinematic coherence are maintained between sub- and supra-salt fault 
populations during thick skinned extension, and secondly that a primary control on forced 
folding or surface faulting is the presence of salt on the pre-rift footwall.  
This work has been submitted as an abstract to be presented as an oral paper at 
the Geometry and Growth of Normal Faults conference at the Geological Society in June 
2014; and is intended to be written for publication. This work is co-authored with my 
primary and secondary supervisors Christopher A.-L Jackson and Robert L. Gawthorpe, 
respectively (see appendix for conference abstract).  
6.2.2. Influence of fault growth on salt facies distributions and impact on 
subsequent rift development  
 
The aim of this work is to improve our understanding (and appreciation) of the control of 
normal fault growth on salt-facies distribution and its impact on the structural style during 
subsequent phases of normal fault growth. This work builds on the finding in Papers (v) 
and (VI); which illustrates normal fault growth occurred during deposition of the Zechstein 
Supergroup on the basin margin. The observations made in these papers imply the initial 
thickness and distribution of salt facies may be characterised by abrupt lateral shifts 
across normal faults. To date, few salt-influenced normal fault growth models (in the 
North Permian Basin) take into account these abrupt lateral variation salt mobility and 
initial thickness.  
This work could be carried out by re-visiting older, previously studied and/or newly 
acquired, preferably three-dimensional, seismic survey data sets and complementary 
borehole data on other basin bounding fault systems within the North Permian Basin 
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(e.g. The Sleipner Fault System, Kane et al. 2010). In addition, techniques such as finite 
element or physical modelling may also be appropriate to achieve these aims. 
 
6.2.3. The role and validity of trishear kinematic modelling to predict or replicate 
the style of fault-related folding in extensional basins 
 
Trishear kinematic modelling has been used to illustrate the process of folding above a 
propagating fault tip in both compression and extension (e.g. Allmendinger 1998; Jin and 
Groshong 2006). In these studies trishear modelling has been used to predict (i) the 
location of the sub-surface fault tip (ii) throw of the fault (iii) or the properties of the 
faulted/folded strata. However, to date few studies have grounded or quantified the 
geometrical fit of kinematic modelling on well constrained physical models, or analysed 
the applicability of this technique to help illustrate the role of salt in salt-influenced rift 
settings. 
Preliminary findings from the analysis of physical models Withjack et al. (1990) 
illustrate trishear can only serve to replicate the style and geometry of the simplest 
physical models (i.e. single layer model). However this relationship breaks down rapidly 
when you introduce salt, and any multilayer components, this is especially true for 
preliminary modelling results across the Stavanger Monocline. This insight is important to 
understand in subsurface examples where data quality is poor; where an over-reliance 
on the predictability of trishear modelling to accurately characterise the subsurface 
geometries is sometimes applied. 
 
6.2.4. Forward modelling of forced regressive shallow marine deposits; the 
tectonic augmentation of base-level fall 
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The aim of this work is to improve our understanding of the interplay between tectonics 
(i.e. normal fault growth) and facies development and stratal architecture formed during 
base-level fall. This work is intended to build on the discussion along the limb of the HFS 
where systematic thickness variations both towards and along strike to active fault 
segments are interpreted to arise from the timing and style of normal fault growth. To 
achieve this aim, a method broadly similar to Gawthorpe and Hardy (2002) could be 
used; however a more integrated sedimentary forward modelling programme/technique 
may have to be applied to characterise the base-level falls and development of 
shoreface facies. This work may improve our understanding the range of stratal 
geometries you might expect to find developed/preserved with an early syn-rift 
hangingwall hydrocarbon exploration plays. 
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Fig. 6.1: Schmetic models to illustrate the impact of pre-existing fabrics on early normal fault growth. (A) 
Pre-existing fabric present, e.g. North Feiran Fault. (B) Pre-existing fabric absent/deeply buried, e.g. 
Hadahid Monocline. Note the age of the structural fabric used as a proxy to interpret the vertical distribution 
of the fabric within the pre-rift succession. For example,  a young fabric will be prevalent throughout the entire 
pre-rift sequence (i.e. A) and an older fabric will remain vertically restricted to the portion of the pre-rift 
succession when it was formed (i.e. B). The impact of this relationship on the propagation of the upper 
fault-tip is illustrated by the magnitude of forced folding prior to the formation of a surface-breaking fault.  
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Fig. 6.2: Schematic chronostratigraphic section for the early Miocene syn-rift succession within the Abura 
Graben, and associated play elements (based on data from Chapter 4). The section highlights the possible 
position of the locally defined flooding surfaces used in the study into a regional context. The main, locally 
defined stratal units are shown, SU1-3) along with their bounding terraces (T00-T20) from Wescott et al. 
(1996) and Krebs et al. (1997). Eustatic sea-level curve from Haq et al. (1987). Modified from Young et al. 
(2003). Applied to this section are the key petroleum systems elements (i.e. source, seal, reservoir) identified 
within early syn-rift succession of the Abura Graben. To date, the stratigraphically oldest syn-rift discoveries 
are identified in the Asl Formation (Lower Rudeis Formation equivalent). However additional, under exploited 
hydrocarbon accumulations may still be located within the stratigraphically older, Nukhul and Abu Zenima 
formations.
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1.1. ABSTRACT 
 
The ingress of meteoric fluids into the crests of salt structures typically results in the 
formation of anhydrite-dominated caprock. The migration of connate fluids up the 
margins of salt structures has also been documented, although the products related to 
this are rarely sampled in the deep subsurface. We use 3D seismic reflection and 
borehole data to document the geometry and lithology of a salt diapir. Seismic data 
suggest that a weld is developed along the diapir stem, although borehole data indicate 
that the stem consists of an inner, c. 1500 m thick, halite-dominated zone, and an outer, 
c. 250 m thick, anhydrite-dominated ‘sheath’. The anhydrite may have formed early in the 
basin history, as a depositional anhydrite or crestal caprock. An alternative interpretation 
is that the anhydrite represents ‘lateral caprock’, which formed late in the basin history in 
response to the migration of NaCl-poor fluid up the margins of the diapir and dissolution 
of halite. The possibility that lateral caprock may form adjacent to salt structures has 
implications for understanding the patterns and vigour of groundwater flow in 
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sedimentary basins. Furthermore, our study shows the margins of steep-sided salt 
structures may be misidentified by several hundred metres if time-migrated seismic 
reflection data are used. 
 
1.2. INTRODUCTION
 
The dissolution of halite from evaporite bodies in the shallow subsurface or at the 
depositional surface occurs in response to the passage of NaCl-undersaturated meteoric 
fluids, and typically results in the relative enrichment of insoluble evaporite components 
such as anhydrite. Where thick (>100 m) sequences of these insoluble residues develop, 
for example at the tops of steep-sided salt structures such as diapirs, they are termed 
‘caprock’ deposits (e.g. Halbouty 1979; Ulrich et al. 1984; Kyle et al. 1987; Jackson et al. 
1990; Warren 2006). Subsequent rehydration of the anhydrite by later fluids may lead to 
the formation of gypsum (Jackson et al. 1990), and the activity of anaerobic, sulphate-
reducing bacteria can result in the formation of relatively thick, carbonate-dominated 
sequences, which may be associated with sulphite deposits. Caprock or ‘crestal caprock’ 
is best developed on salt structures that are currently close to the free surface, although 
it has been identified above structures that are buried as deep as 3 km (Halbouty 1979; 
Kyle et al. 1987; Warren 2006).  
Fluid flow and halite dissolution adjacent to salt structures are not limited to the 
movement of relatively cool, meteoric fluids in the near-subsurface. Numerous 
researchers have proposed that halite dissolution can also occur in the deep subsurface 
in response to the vertical migration of deep basin fluids upwards along the margins of 
salt structures. The evidence for halite dissolution is indirect, and has been based on the 
recognition of high-salinity groundwater plumes adjacent to salt diapirs (e.g. Hanor 1987; 
Posey et al. 1987; Bray and Hanor 1990; Hallager et al. 1990; Ranganathan 1992; 
Williams and Ranganathan 1994; Warren 2006), the geochemical composition of 
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fracture-filling cements (e.g. Jensenius 1987; Jensenius and Munksgaard 1988; Safaricz 
and Davison 2005) and the isotopic (87Sr/86Sr) composition of anhydrite (e.g. Posey et
al. 1987). The dissolution of halite at the lateral margins of diapirs should, at least 
theoretically, result in the formation of a ‘lateral caprock’, which should be expressed as 
an anhydrite-dominated ‘sheath’ that flanks a halite-dominated ‘core’. Borehole data from 
shallow mines indicate that relatively thick, anhydrite-dominated sequences can extend 
for up to 1.5 km downwards from the crest of large diapirs, although this most probably 
documents downward ‘growth’ of the crestal caprock in response to the prolonged 
downward ingress of relatively cool, meteoric fluids, rather than lateral caprock 
development related to the vertical migration of relatively warm, deep basin-derived fluids 
(e.g. the Winnfield Salt Dome, USA; Ulrich et al. 1984; Kyle et al. 1987). The presence of 
an anhydrite sheath at burial depths >2 km has never been demonstrated owing to a lack 
of data from boreholes that have drilled across the deeply buried parts of relatively 
narrow salt structures; this is principally due to the engineering challenges posed by 
drilling horizontally through saltbearing successions (see Montgomery and Moore 1997, 
for examples of well data obtained by drilling vertically through relatively thick, 
allochthonous salt bodies). 
Determining the potential for lateral caprock formation in the deep subsurface is 
important because density-driven convection of groundwater adjacent to salt structures, 
which can drive large-scale fluid, heat and solute transport, is wholly dependent on the 
dissolution of salt from the margins of salt structures (e.g. Hallager et al. 1990; Sarkar et
al. 1995). Furthermore, because salt structures may provide the side seal for large 
hydrocarbon accumulations, any uncertainties related to the geometry and composition 
of these structures have major implications for hydrocarbon exploration and production 
(see Halbouty 1979). Determining the geometry of the salt–sediment interface at the 
margins of high-relief, steepsided salt structures is also important because this contact 
documents the interplay between salt structure growth rate and sedimentation rate, and 
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provides insights into the mechanisms by which these structures are emplaced (e.g. 
Alsop et al. 2000; Giles and Lawton 2002; Rowan et al. 2003; Hudec and Jackson 2007). 
The primary aim of our study is to use 3D seismic reflection and borehole data to 
illustrate the lithological variations that occur across the width of a deeply buried salt 
diapir in the Egersund Basin, North Sea Basin. This represents a unique opportunity to 
undertake this type of study, because the borehole we use drilled subhorizontally, at c. 
2.5 km burial depth, across the entire width of the c. 1750 m wide diapir. We focus on 
and propose two models for the origin of a thick anhydrite sheath that appears to encircle 
the halite-dominated core of the diapir. The secondary aim of our study is to use these 
borehole data to assess how accurately seismic reflection data can image the margins of 
steep-sided salt structures, and the implications that these imaging issues have for 
determining the overall salt structure geometry. 
 
1.3. GEOLOGICAL SETTING 
 
The Egersund Basin is located in the south-eastern part of the North Sea Basin and is 
bound by north–south- to NW–SE-striking normal fault systems (Fig. 1). The oldest 
stratigraphic unit penetrated in the basin is Early Permian in age and comprises non-
marine sandstones. During the Late Permian, a thick, salt-dominated layer, the Zechstein 
Supergroup, was deposited in the basin. The Zechstein Supergroup flowed in response 
to sediment loading and sub- and supra-salt normal faulting during the Triassic, Jurassic 
and Early Cretaceous, and inversion-related, NE–SW-oriented basin contraction during 
the Late Cretaceous (Sørensen et al. 1992). These different phases of salt flow resulted 
in the formation of a variety of salt structures; diapirs are the most common structures, 
and these typically have a relief of up to 4.5 km and are up to 5 km in diameter (e.g. the 
Epsilon Diapir; Fig. 1). Inversion during the Late Cretaceous resulted in the narrowing of 
the stems of the tall diapirs (see Davison et al. 2000; Hudec and Jackson 2007; Dooley 
229
et al. 2009) and formation of north–south- to NW–SE-striking anticlines in the hanging 
walls of the basin-bounding normal fault systems. A Triassic to Jurassic clastic-
dominated succession, a Cretaceous carbonate-dominated succession, and a Tertiary 
clastic-dominated succession overlie the Zechstein Supergroup. It should be noted that 
no evaporite-bearing units have been documented above the Zechstein Supergroup 
either in the Egersund Basin or in the surrounding basins. 
 
1.4. 3D SEISMIC DATA 
 
Seismic interpretation was based on a 3600 km2, Kirchoff pre-stack time-migrated 3D 
seismic reflection dataset, which has a line spacing of 12.5 m, a record length of 6.6 s 
and vertical sample rate of 2 ms (Fig. 1). The vertical resolution within the interval of 
interest is c. 20 m and values extracted from the dataset in seconds two-way time (s 
TWT) are converted to metres using velocity data from borehole 9/2-8S. The Epsilon 
Diapir is composed of Zechstein Supergroup salt, which is expressed on seismic data as 
chaotic, low-amplitude reflections (Fig. 2a, b, d and e). The Epsilon Diapir is c. 4.5 km tall 
and subcircular at relatively shallow depths (Fig. 2d). At greater depths, the diapir is 
ovate and its long axis trends NNW–SSE; this trend is broadly parallel to the strike of the 
majority of the inversion-related anticlines in the Egersund Basin (Figs 1a and 2e). in 
cross-section, the diapir appears to have a ‘teardrop’ geometry, consisting of a 4 km 
wide head, a <1 km stem, and a 7.5 km wide pedestal (Fig. 2a–c). We interpret that the 
tear-drop geometry observed in cross-section and the ovate stem geometry observed at 
depth in map view are real, and are both related to narrowing of the diapir stem in 
response to broadly NE–SW-oriented basin contraction during a period of basin inversion 
in the Late Cretaceous (Sørensen et al. 1992). The top of diapir is clearly imaged and is 
represented by a package of high-amplitude reflections, which are interpreted as either 
(1) the seismic expression of an anhydrite-dominated crestal caprock that formed as a 
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result of halite dissolution at the top of the diapir (see Clark et al. 1998; Cartwright et al. 
2001) or (2) the seismic expression of a carbonate build-up, which was deposited on a 
salt-related bathymetric high (compare the oligocene Anahuac Formation, Texas; i.e. 
Cantrell et al. 1959; Posey et al. 1987; Warren 2006) (Fig. 2a). The anhydrite caprock or 
carbonate buildup that we interpret at the top of the Epsilon Diapir most probably formed 
after the diapir had reached its final height, after a prolonged period of salt flow (e.g. 
labelled X in Figs 1b and 2a; see also Kyle et al. 1987; Ulrich et al. 1984; Hallager et al. 
1990; Warren 2006). in contrast to its crest, the lateral margins of the diapir are poorly 
imaged and a discrete reflection event is lacking, although steeply dipping reflections are 
observed on the eastern side of the diapir (see below and Figs 1b and 2a). The 
overburden strata are poorly imaged in a 1–1.5 km wide zone around the diapir stem 
(Figs 2a, c and 3a). At distances >1.5 km away from the diapir, the overburden strata are 
clearly imaged and are observed to dip up to 20° away from the diapir stem. The 
geometric relationship between the overburden strata and the diapir stem is unknown 
owing to poor seismic imaging beneath the diapir head; however, on the basis of 
observations from exposed salt diapirs, we interpret that the dip of the overburden strata 
increases from 20° in towards the diapir (Figs 2a–c and 3) (e.g. Alsop et al. 2000). it is 
almost possible to map a series of apparently overburden- related reflections, which are 
labelled ‘X’ in Figure 3a, across the inferred location of the diapir stem; this interpretation 
implies that the diapir stem is very thin (<200 m). However, the borehole data we present 
below suggest that these reflections are not real, and demonstrate that this interpretation 
is incorrect and that the salt is considerably thicker than the seismic data imply (see Fig. 
3a). 
 
1.5. BOREHOLE DATA 
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The lower part of borehole 9/2-8S drilled across the entire width of the Epsilon Diapir 
and, in the interval of interest, consists of two sidetracks (T3 and T4). The borehole 
enters the eastern side and exits the western side of the diapir at c. 2.5 km burial depth 
(Figs 1b and 2). Sidetrack T4 deviates away from sidetrack T3 c. 122 m after entering 
the eastern side of the diapir and, because T4 is inclined more steeply than T3, the two 
boreholes are vertically offset by 236 m as they exit the western side of the diapir (Fig. 
3). Lithology identification in the Zechstein Supergroup and the post-salt overburden 
succession is principally based on borehole cuttings; detailed descriptions are based on 
washed samples that were obtained every 3–6 m within the interval of interest (Fig. 4). 
Borehole cuttings are also used to calibrate electrical log-based lithology identification. 
Because of their overall low gamma-ray (GR) values (typically <50 APi) evaporitic rocks 
of the Zechstein Supergroup are confidently discriminated from the Jurassic and 
Cretaceous clastic- and carbonate-dominated rocks that characterize the post-salt 
overburden (typically >50 APi) (Fig. 4). These data indicate that Jurassic rocks are in 
direct contact with evaporites on both sides of the diapir, and that the salt–sediment 
contact at the lateral margins of the Epsilon Diapir can be unequivocally identified at 
6023 m MD (measured depth) on the eastern side of the diapir and at 7250 m MD on the 
western side of the diapir. Checkshot data, which have a time–depth sample point every 
c. 10 m, are available for sidetracks T3 and T4. These data, which allow stratigraphic 
information such as the location of key stratigraphic contacts to be tied to seismic data, 
indicate that there is a major mismatch between the inferred location of the diapir 
margins based on seismic reflection mapping and that which is demonstrated by 
borehole data (see Fig. 3). in addition to constraining the location of the salt–sediment 
interface and the overall width of the diapir, cuttings and electrical log data also permit 
analysis of the composition of the diapir itself. These data indicate that the outer 64 m of 
the western side and the outer 230 m of the eastern side of the diapir are 
heterogeneous, and predominantly composed of anhydrite, with relatively minor amounts 
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of claystone, halite, and K- and Mg-rich salts (Zone 1; Figs 3 and 4). Although log data 
are not available across the entire width of the diapir, the log data that are available, in 
combination with continuous cuttings data, indicate that the core of the diapir is 
composed of a c. 1590 m thick, halite-dominated unit (Zone 2; Figs 3 and 4). Borehole 
data from sidetracks T3 and T4 where they exit the western side of the diapir suggest 
that these lithological zones are vertically continuous for at least 236 m, and we 
speculate that these zones may extend a significantly longer distance up and down the 
lateral margins of the diapir (Fig. 3b). 
 
1.6. INTERPRETATION AND DISCUSSION 
 
1.6.1. Origin of the anhydrite (Zone 1) 
 
Lithological variations in salt structures can occur owing to a variety of factors that may 
include (1) primary lateral or vertical lithology variations within the source salt body (e.g. 
Clark et al. 1998), (2) stratigraphic ‘mixing’ during post-depositional salt flow (e.g. Barton 
1925; Jackson et al. 1990; Terrinha et al. 1990; Kreienmeyer et al. 2004; Burliga et al. 
2005), and (3) post-depositional diagenesis (e.g. Halbouty 1979; Ulrich et al. 1984; Kyle 
et al. 1987; Warren 2006). it is plausible that Zone 1 of the Epsilon Diapir reflects origin 
(1) and represents either an anhydrite-dominated unit that was deposited at the top of 
the Zechstein Supergroup during the Late Permian, or a broadly strata-concordant, 
caprocktype residue that formed as a result of the halite dissolution at the top of the 
Zechstein Supergroup during Early Triassic exposure of the basin. Variations in the 
thickness of Zone 1 would therefore reflect primary variations in the original thickness of 
the depositional or diagenetic anhydrite. Both of these interpretations imply that the 
anhydrite formed relatively early in the basin history, prior to the initiation of salt flow, and 
that diapir growth was primarily accommodated by the flow of a lower, more mobile 
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halite, and that the overlying anhydrite was rotated outwards and drawn upwards at the 
lateral margins of the diapir (Fig. 5a). The chance of preserving stratigraphic layering, 
even after considerable amounts of salt flow, is increased when the source layer is 
heterogeneous and wellbedded (e.g. Barton 1925; Esher and Kuenen 1929; Jackson 
and Cornelius 1987; Jackson et al. 1990; Chemia and Koyi 2008). This interpretation is 
therefore consistent with the observation that the upper part of the Zechstein Supergroup 
is heterogeneous, and is composed of interbedded anhydrite, halite and claystone. An 
alternative interpretation is that Zone 1 of the Epsilon Diapir reflects origin (3) and 
represents anhydrite-rich lateral caprock. This interpretation implies that the upper part of 
the Zechstein Supergroup was halite-dominated and that the anhydrite formed relatively 
late in the basin history and after a significant period of salt flow (Fig. 5b). Relatively 
NaCl-poor fluids may have been derived from the permeable Triassic and Jurassic 
sandstones that are in contact with the diapir; additional fluid may have been derived 
from Lower Permian sandstones, in locations where these and the Triassic sandstones 
are in direct contact across salt welds (Figs 2c and 5b). The dip of the Triassic and 
Jurassic aquifers away from the diapir would have helped focus buoyancy-driven flow of 
fluid up towards the diapir stem. Zone 1 of the Epsilon Diapir, may, therefore, be the 
diagenetic product of deep basin fluid flow (e.g. Hanor 1987; Jensenius 1987; Bray and 
Hanor 1990; Hallager et al. 1990; Ranganathan 1992; Safaricz and Davison 2005). 
Variations in the thicknesses of anhydrite around the lateral margins of the Epsilon Diapir 
may reflect one or a combination of the following two factors: (1) spatial variations in the 
rate and magnitude of fluid flux along the diapir margin, which may have been controlled 
by the porosity and permeability of the overburden (e.g. Jensenius 1987; Ranganathan 
1992; Williams and Ranganathan 1994); and (2) spatial variations in the salinity of the 
pore waters (e.g. Evans et al. 1991; Williams and Ranganathan 1994). Additional data 
are required to unequivocally determine if the anhydrite-dominated sheath of the Epsilon 
Diapir formed relatively early in the basin history and prior to the initiation of flow of the 
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Zechstein Supergroup, or relatively late in the basin history and after significant salt flow 
and diapir growth. For example: (1) data from other boreholes in the Egersund Basin, 
from parts of the basin where less flow of the Zechstein Supergroup had occurred, may 
indicate that the top of the unit was initially anhydrite-dominated, and that the anhydrite 
sheath simply reflects a later tectonic modification of this primary stratigraphy (e.g. Fig. 
5a); (2) core, fullbore formation micro-image (FMi) log or dipmeter data would allow 
analysis of rock textures, which may permit discrimination between an ‘early’, 
depositional anhydrite and a ‘late’, diagenetic anhydrite (e.g. Ulrich et al. 1984; Kyle et al. 
1987); (3) strontium isotope analysis of anhydrite from Zone 1 may indicate 87Sr/86Sr 
values that are consistent with deposition from Late Permian seawater, rather than more 
variable 87Sr/86Sr values, which may suggest isotopic contributions from younger, partly 
thermogenic, formation waters (Posey et al. 1987); and (4) fluid inclusion analysis of 
diagenetic minerals in Zone 1 may indicate homogenization temperatures that are 
greater than the present-day temperature of the flanking host rocks, implying 
precipitation from warm, deep basin-derived fluids, rather than cool, meteoric fluids (e.g. 
Jensenius 1987; Jensenius and Munksgaard 1988; Hallager et al. 1990). The occurrence 
of anhydrite sheaths adjacent to deeply-buried, halite-dominated salt structures may 
have been largely underestimated owing to a lack of borehole penetrations in the deep 
subsurface and the siting of mine galleries in the centre rather than the peripheries of 
shallowly buried salt structures (e.g. Terrinha et al. 1990; Kreienmeyer et al. 2004; 
Burliga et al. 2005). 
 
1.6.2. Seismic imaging of steep-sided salt structures; implications for basin 
tectonics, models of salt emplacement and petroleum exploration 
 
We have demonstrated that pre-stack time-migrated seismic data cannot discretely 
image the salt–sediment interface at the margins of the Epsilon Diapir (Figs 1b, 2a and 
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3a). Furthermore, these data contain geophysical artefacts, which result in an incorrect 
interpretation of the diapir width and geometry. For example, the relatively steeply-
dipping seismic reflections identified on the eastern margin of the Epsilon Diapir (marked 
X in Fig. 3a) most probably represent mis-migrated reflections related to overburden 
strata that immediately flank the diapir, rather than evaporite strata within the diapir itself. 
Thus, by simply mapping the contact between these coherent, ‘overburden’ reflections 
and incoherent, ‘salt’ reflections, the location of the salt–sediment interface would be 
misinterpreted by several hundreds of metres, the width of the diapir stem would be 
underestimated and the overall geometry of the salt diapir would be wholly incorrect (Fig. 
3) (see Ratcliffe et al. 1992; Reilly 1995; Kessler et al. 1996; o’Brien 2005; Farmer et al. 
2006). Although advanced, reverse time migration (RTM) and turning wave post-stack 
depth migration (PSDM) techniques may provide relatively accurate images of steep-
sided salt structures (e.g. Ratcliffe et al. 1992; Farmer et al. 2006), many interpreters are 
still restricted to using ‘standard’, pre- or post-stack depth-migrated seismic reflection 
volumes. As we have demonstrated, these types of seismic data may lead interpreters to 
incorrectly interpret that a salt structure has a ‘tear-drop’ shape owing to post-
emplacement, inversion- related basin contraction. in the example presented here it is 
clear, however, that the diapir is truly teardrop-shaped; this is entirely consistent with 
independent regional data that indicate that inversionrelated basin contraction occurred 
in the Egersund Basin during the Late Cretaceous (Sørensen et al. 1992).  The inability 
of ‘standard’ seismic reflection data to accurately image the margins of steep-sided salt 
structures also has implications for constraining models of diapir emplacement which are 
largely based on the geometry of the salt–sediment interface and the stratigraphic 
architecture of the overburden immediately adjacent to the salt structure (Giles and 
Lawton 2002; Rowan et al. 2003; Hudec and Jackson 2007). our study indicates that 
these relatively subtle salt–sediment relationships may not be observable on ‘standard’ 
seismic reflection volumes. Furthermore, and because salt structures may provide the 
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side seal for hydrocarbons accumulations, uncertainties related to the geometry of these 
structures has major implications for hydrocarbons exploration. For example, as a result 
of poor imaging of the trap geometry, calculation of reservoir rock volume in the flanking 
strata may be incorrect, and exploration and production wells may be placed too close to 
the salt–sediment contact, and may unexpectedly enter the diapir itself. 
 
1.7. FIGURES
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2.1. ABSTRACT 
 
Three-dimensional seismic reflection data from the Egersund Basin, offshore Norway 
image geomorphological features that record mid-Permian footwall degradation of basin-
bounding fault systems. This ancient landscape was subsequently flooded during the 
pan- European, Late Permian transgression of the North Permian Salt Basin and was 
fossilized beneath Zechstein Supergroup evaporites. We provide the first conclusive 
evidence for pre- Zechstein normal faulting in the Egersund Basin, indicating that 
extensional strain was shared between Permian and Late Jurassic–Early Cretaceous rift 
events. 
 
2.2. INTRODUCTION
 
The Zechstein Supergroup is a pan-European, evaporite-dominated unit that documents 
repeated flooding and desiccation of a restricted marine sea during the Late Permian 
(the Permian Salt Basin). The present-day extent of and lithological variability within the 
Zechstein Supergroup reflect both the depositional extent of the unit, which was 
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controlled by the syndepositional basin physiography, and subsequent erosion and 
dissolution. Previous studies in the UK sector of the North Sea have shown that the 
Zechstein Supergroup was deposited on an overall ramp-like margin, and is halite-rich in 
the basin centre, and anhydrite- and carbonate-rich at the basin margin (e.g. Tucker 
1991; Smith et al. 1993; Clark et al. 1998; Cartwright et al. 2001). However, the role that 
pre-Late Permian, rift-related normal faulting had on the primary geometry and extent of 
the Zechstein Sea is contentious, principally owing to a lack of studies that have 
unequivocally determined the morphology and evolution of pre-Zechstein faults. Where 
faults are identified, they are associated with relatively rapid, across-fault changes in 
evaporite thickness and lithology, although it is unclear if fault movement occurred 
before, during or after deposition (e.g. Høiland et al. 1993; Penge et al. 1993; Dickinson 
1996; Clark et al. 1998; Stewart and Clark 1999; Cartwright et al. 2001). Furthermore, 
because large parts of the NW margin of the Permian Salt Basin are covered by only 
vintage, regional 2D seismic data, the identification of geomorphological features (e.g. 
fault-scarp degradation complexes) that might help differentiate between pre-, syn- and 
post-Zechstein faulting is challenging (see discussion by Clark et al. 1998). 
 
2.3. TECTONOSTRATIGRAPHIC FRAMEWORK OF THE EGERSUND BASIN 
 
The Egersund Basin is located offshore Norway (Fig. 1a) and is interpreted to have 
initiated during Carboniferous–Permian rifting, although geophysical or geological data to 
support this inference have, up to now, been lacking (Sørensen et al. 1992; Glennie 
1998). During the Late Permian, repeated flooding and desiccation of a restricted marine 
sea (the Permian Salt Basin) resulted in deposition of the thick, pan-European, 
evaporite-dominated succession (Zechstein Supergroup; Fig. 1b). This unit, which forms 
the major mechanical detachment across much of the southern part of the North Sea 
Basin, pinches out to the NE onto the immediate footwall of the basin-bounding 
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Stavanger Fault System (line labelled ‘X’ in Fig. 1c). During the Triassic, regional 
extension and activity on basin-bounding fault systems triggered flow of the Zechstein 
Supergroup, controlling deposition of a non-marine succession (Smith Bank and 
Skagerrak formations; Fig. 1b) (Jackson et al. 2013; Lewis et al. 2013). Regional 
extension and salt flow continued into the Middle Jurassic–Early Cretaceous, when 
normal faulting, coupled with a eustatic rise in sea level, caused relatively rapid 
subsidence that resulted in the deposition of an upward-deepening marine succession 
(Bryne, Sandnes, Egersund, Tau and Sauda formations; Fig. 1b) (Sørensen et al. 1992). 
Extension rates decreased during the late Early Cretaceous and basin inversion 
occurred in the Late Cretaceous (Jackson and Lewis 2012; Jackson et al. 2013).
 
2.4. BASIN STRUCTURE AND SEISMIC STRATIGRAPHY
 
The Stavanger Fault System forms a NNW–SSE-striking, 40 km long, WSW-
dipping normal fault system. It has up to 1 km of throw at the NW end of the seismic 
survey, and this decreases towards its SE and NW tips (Fig. 1c). The Stavanger Fault 
System is basement-involved and offsets the top Rotliegend Group, although its upper 
tip is located at the base of the Zechstein Supergroup, and does not breach post-salt 
strata (Figs 1c and 2). Early Permian strata thicken across the fault, indicating that the 
fault was active during the Early Permian (Fig. 2d). In contrast, Triassic strata 
immediately above the upper tip of the Stavanger Fault System are broadly isochronous 
and are folded into an SW-facing monocline that formed as a result of forced folding 
above the underlying, upward-propagating fault; thinning of the Triassic further towards 
the north is related to structural attenuation across a number of salt-detached normal 
faults (Fig. 2d) (Lewis et al. 2013). Jurassic and Cretaceous strata thin across the 
monocline, implying that the structure was growing at this time and that the underlying 
Stavanger Fault System was active (Fig. 2d). In the footwall of the Stavanger Fault 
248
System, a series of broadly NW–SE-striking, SW- and NE-dipping, low-throw (<50 m) 
normal faults are developed below the salt; these offset the top Rotliegend Group and tip 
out upward into the salt. A number of faults of similar orientation and attitude are 
developed above and tip out downward into the salt; these are larger than the sub-salt 
faults (up to 500 m throw) and formed in response to thin-skinned extension associated 
with salt-influenced forced folding (Lewis et al. 2013). Early Cretaceous strata thicken 
across these faults, suggesting that they were active at broadly the same time as the 
Stavanger Fault System and the overlying forced fold (Fig. 2d). 
 
2.5. INTRA-PERMIAN SEISMIC GEOMORPHOLOGY AND SEISMIC STRATIGRAPHY
 
At top Rotliegend Group level, the footwall of the Stavanger Fault System dips 
gently (<5°) towards the south and a series of broadly NE–SW-trending erosional 
features are identified along the top of the Rotliegend Group (Fig. 2a). These features 
are up to 6 km long, at least 60 m deep, 0.5–1 km wide and are best developed to the 
south of the pinch-out of the overlying Zechstein Supergroup (Fig. 2a). The erosional 
features are restricted to the footwall of the Stavanger Fault System; the adjacent basinal 
areas are planar and sub-horizontal at the same stratigraphic level (see hanging wall 
location in Fig. 1c). Owing to the relatively limited frequency content and vertical 
resolution of our seismic data, we are unable to image discrete stratal onlap of the 
Zechstein Supergroup onto top Rotliegend relief in the footwall of the Stavanger Fault 
System. However, it is clear that this relief results in subtle but seismically resolvable 
thickness changes in the Zechstein Supergroup (Fig. 2b and c). In addition, the 
Zechstein Supergroup increases in thickness from the footwall to the hanging wall of the 
Stavanger Fault System and Fault B; in the hanging wall of the fault system the unit 
forms a fault-parallel salt wall and displays an apparent downlap relationship with 
underlying Rotliegend Group (Fig. 2d). 
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 2.6. INTERPRETATION AND DISCUSSION
 
We note that erosional features at top Rotliegend level have an irregular plan-view 
geometry, do not have the same morphology as any features in the overburden, and are 
clearly not consistently parallel to the inline (NE–SW) or crossline (NW–SE) direction of 
the seismic dataset. These observations suggest that these features have a geological 
origin and are not seismic artefacts related to multiples or a seismic survey acquisition 
footprint. Furthermore, we do not think that these features are a velocity-related artefact 
(i.e. velocity pull-up) related to very high-frequency lateral changes in salt velocity, as 
both halite and deeply buried, lithified carbonates, an important constituent of the 
Zechstein Supergroup at basin margin locations (Tucker 1991; Clark et al. 1998), have 
similar acoustic velocities (>4000 m s?1).  A further key observation is that the erosional 
features are restricted to the footwall of the Stavanger Fault System, and they truncate 
and are overlain by Early Permian and Late Permian deposits, respectively, thus 
indicating that they are ‘middle’ Permian in age. Based on these observations, our 
preferred interpretation is that this suite of erosional features documents middle Permian 
sub-aerial degradation of the footwall of the Stavanger Fault System (Fig. 3a) (cf. Elliott 
et al. 2012). We interpret that the linear, north–south-elongate, erosional features are 
fluvial valleys, which were cut by the same fluvial systems that deposited the underlying 
Rotliegend Group. It is possible that these systems drained the Stavanger Platform, and 
fed sediment into the Egersund Basin at the south-eastern tip of the Stavanger Fault 
System (Fig. 1c). A corollary of this interpretation is that the Stavanger Platform was 
exposed and created fault-bounded structural relief along this part of the NE margin of 
the Permian Salt Basin; the basin was therefore locally bound by a normal fault system, 
which was either dormant and simply inherited from the Early Permian rift event or active 
during deposition of the salt during the Late Permian (Fig. 3a). Subsequent flooding of 
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the basin margin during the Late Permian resulted in sealing and ‘fossilization’ of this 
ancient landscape below evaporites of the Zechstein Supergroup (Fig. 3b and c). We 
interpret that the present-day extent of the Zechstein Supergroup, which pinches out 
onto these fault-bound structural highs, thus broadly reflects the depositional limit of this 
unit rather than a remnant related to subsequent, Jurassic–Cretaceous rift-related 
footwall uplift and erosion (Fig. 3a). We note that the Lista Nose is at a similar elevation 
at the present day to the outer edge of the Stavanger Platform, but appears to lack well-
defined erosional features (Fig. 1c). This may simply reflect poorer seismic imaging of 
these subtle features in this location. An alternative interpretation is that the Lista Nose is 
a slightly younger structural feature (i.e. intra-Late Permian–Jurassic), thus its crest was 
not exposed and eroded prior to flooding of the Permian Salt Basin and deposition of the 
Zechstein Supergroup. 
Based on the observations that Triassic strata are folded, but display no change in 
thickness across the fault tip, and that Jurassic and Cretaceous strata thin across the 
fault-tip monocline (Jackson et al. 2013; Lewis et al. 2013), we interpret that the 
Stavanger Fault System was dormant during the Triassic, but was reactivated during the 
Late Jurassic–Early Cretaceous rift event. The amplitude of the fold above the Stavanger 
Fault System is similar to the throw on the underlying structure (Fig. 2d), suggesting that 
most of the throw observed on the fault system was accrued during the Late Jurassic–
Early Cretaceous rift event; however, sufficient throw was accrued during Early Permian 
rifting to create a topographic feature at the basin margin (Fig. 3).   Because of the 
increasing availability of modern, high-quality, 3D seismic reflection data across the 
margins of the Permian Salt Basin, future research should focus on detailed structural 
mapping and seismic geomorphological analysis adjacent to Zechstein Supergroup-
related normal fault systems; this may not only provide further insights into the 
physiography of the Permian Salt Basin, but also will allow us to better understand how 
strain was shared between Permian–Triassic and Late Jurassic–Early Cretaceous rift 
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events in the North Sea Basin. The approach outlined here would complement lower 
resolution methods (e.g. flexural backstripping and forward modelling) that have been 
applied to understand the rift history of the North Sea Basin (e.g. Roberts et al. 1995; 
Christiansson et al. 2000).  
 
2.7. FIGURES 
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Fig. 1: (A) Map indicating the location of the study area (grey box) and the present-day extent of the 
Zechstein Supergroup. The Clark et al. (1998) study area is shown by the black box. (B) Simplified 
stratigraphic column of the Egersund Basin. Key mapped horizons shown in (C) and Figure 2 are labelled. 
(C) Time–structure map of the top Rotliegend Group (R in (B)) in the north–central part of the Egersund 
Basin. Line marked by × in circle indicates the present-day, seismic-scale pinch-out of the Zechstein 
Supergroup. (See grey box in (A) for location.) Contour interval is 100 ms two-way travel time (TWT). SFS, 
Stavanger Fault System. Locations of maps and seismic sections shown in Figure 2 are indicated.
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3.1. ABSTRACT 
 
The structural style and evolution of salt-influenced rifts differ to those developed in 
megoscopically homogenous and brittle crust because salt causes variable coupling of 
deformation across salt layers. Our current knowledge of salt-influenced rifting comes 
largely from physical models or two-dimensional subsurface studies, and relatively few 
studies have studied the role that along-strike displacement variations on sub-salt fault 
systems, or changes in salt composition and thickness, play in controlling the four-
dimensional evolution of supra-salt structural styles. In this study we use 3D seismic 
reflection and borehole data from the Sele High Fault System (SHFS), offshore Norway 
to determine how initial growth of this basin-bounding fault system controlled the 
thickness and lithology of an Upper Permian salt layer, and how the associated 
variations in the mechanical properties of the salt influenced the degree of coupling 
between sub- and supra-salt deformation during subsequent extension. During the Late 
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Permian, along-strike variations in displacement along the SHFS caused the salt to be 
thin, carbonate-dominated and immobile at the footwall apex, where fault displacement 
and footwall uplift was greatest, and thick, halite-dominated and relatively mobile, both 
where footwall uplift was less towards the fault tips and in the immediate hangingwall of 
the fault system where subsidence was greatest. After a period of tectonic quiescence in 
the Early Triassic, regional extension during the Late Triassic caused the salt to flow and 
resulted in formation of a fault-parallel salt wall. Mild extension in the Jurassic caused 
forced folding of Triassic cover above the fault systems upper tip. During the Early 
Cretaceous, basement-involved extension resulted in non-coaxial tilting of the footwall, 
and the development of a supra-salt normal fault array, which was restricted to footwall 
areas underlain by relatively thick salt; in contrast, at the footwall apex, no deformation 
occurred because salt was thin and immobile. The results of our study demonstrate close 
coupling between tectonics, salt deposition, and the style of supra-salt deformation for 
>180 Myr of the rift history. Furthermore, we show that rift basin tectono-stratigraphic 
models based on relatively megascopically homogeneous and brittle crust do not 
appropriately describe the range of structural styles that occur in salt-influenced rifts. 
3.2. INTRODUCTION 
 
The structural style and evolution of rifts that contain relatively thick salt (e.g. Stewart et
al. 1996 and 1997; Pascoe et al. 1999; Withjack and Callaway 2000; Richardson et al. 
2005; Stewart 2007; Kane et al. 2010; Wilson et al. 2013) differ significantly from rifts that 
form in megascopically homogenous and brittle crust (Leeder and Gawthorpe 1987; 
Prosser 1993; Gawthorpe and Leeder 2000). These differences arise because salt 
influences the degree of coupling between sub- and supra-salt deformation, and the 
activity on basement and cover faults can trigger salt flow and the growth of salt 
structures. For example, forced folding above basement-involved, sub-salt normal faults 
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may result in the formation of supra-salt normal fault arrays that either directly balance 
basement-involved extension or simply accommodate basement-independent stretching 
of the cover (e.g. Pascoe et al. 1999; Withjack and Callaway 2000; Stewart et al. 1997; 
Wilson et al. 2013; Lewis et al. 2013). In addition, tilting above basement-involved normal 
faults can trigger thin-skinned gliding and gravity-driven extension of the supra-salt cover 
(e.g. Geil 1991; Penge et al. 1993 and 1999; Clausen and Korstgård 1996; Stewart et al. 
1996 and 1997; Clark et al. 1998; Jackson and Larsen 2009). Most of the studies listed 
above have provided only a two-dimensional treatment of the relationship between sub- 
and supra-salt structural styles, and only relatively few studies have explicitly studied the 
role that along-strike variations in throw on sub-salt faults systems, or salt composition 
and thickness have on the four-dimensional evolution of supra-salt structural styles (Geil 
1991; Clausen and Korstgård 1996; Stewart et al. 1997). Moreover, we are not aware of 
any studies that have explicitly considered the impact that protracted rifting, over 10’s-
100’s million years, can have on the thickness, lithology and hence mechanical 
properties of salt, and how these properties then impact the subsequent evolution of 
supra-salt structural styles. 
The four key aims of this paper are to understand: (i) the control of fault growth 
and basin physiography on thickness and lithology variations in salt; (ii) how salt and 
basement fault segmentation impact the relationship between sub- and supra-salt 
deformation; (iii) the impact of salt structure growth and supra-salt faulting on basin 
physiography in salt-influenced rifts; and (iv) the temporal relationship between sub- and 
supra-salt deformation. To achieve these aims we use 3D seismic reflection and 
borehole data from the western margin of the Egersund Basin, offshore Norway (Fig. 1). 
This is an excellent location to address our research aims because: (i) structures in the 
footwall of the basin-bounding fault system are preserved due to limited amounts of 
footwall uplift (cf. Duffy et al. 2013); (ii) a stratigraphically- and, therefore, ‘geophysically 
simple’ overburden means that sub- and supra-salt structures are well-imaged on 
261
modern, high-quality, 3D seismic reflection data (cf. Kane et al. 2010); and (iii) the age, 
composition and thickness of the footwall and hangingwall stratigraphy, including the key 
salt layer, are constrained by boreholes (cf. Richardson et al. 2005; Marsh et al. 2010).  
The results of our study demonstrate that the degree of coupling between basement-
involved tectonics and salt basin physiography, during protracted (>180 Myr) rift events, 
is a key control on the evolution of subsequent, supra-salt structural styles in salt-
influenced rifts. Furthermore, we show that rift basin tectono-stratigraphic models based 
on megascopically homogeneous and brittle crust do not appropriately describe the 
range of structural styles that occur during the formation of rifting in salt-influenced rifts. 
3.3. GEOLOGICAL SETTING 
 
The geological setting of the Egersund Basin-Sele High-Åsta Graben area has been 
thoroughly described by Sorensen et al. (1992), Jackson and Lewis (2012), Jackson et
al. (2013), Jackson and Lewis (2013) and Lewis et al. (2013). In this section the key 
tectonic and stratigraphic events are briefly described because they provide the regional, 
tectono-stratigraphic context for our detailed study of the Sele High Fault System 
(SHFS). The reader is directed to the references cited above for further details. 
 
3.3.1. Permian 
 
Initial extension, normal faulting and basin subsidence occurred in the eastern North Sea 
Basin during the Early Permian (Sørenson et al. 1992; Glennie 1998). Extension was 
accommodated by basement-involved normal fault systems such as the SHFS, the 
Stavanger Fault System and the structures that bound the Lista Nose (Fig. 1A), which all 
may represent reactivated NW-SE-striking, Caledonian-age thrusts (Sørenson et al. 
1992; Jackson et al. 2013; Lewis et al. 2013; Jackson and Lewis 2013). Non-marine 
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clastics were deposited across much of the eastern North Sea at this time (Rotliegend 
Group, which is herein referred to as ‘basement’; Fig. 1B). 
Thermal subsidence followed Early Permian rifting and this, coupled with possibly 
Late Permian-age rifting, resulted in formation of the North Permian Basin; this is a pan-
European salt basin which, within the study area, was subsequently overprinted by the 
Egersund Basin and Åsta Graben (Fig. 1A). A relative sea-level rise in the earliest Late 
Permian established marine-to-marginal marine conditions in the North Permian Basin, 
and repeated cycles of flooding and desiccation of the basin resulted in the deposition of 
a >1 km thick, evaporite-dominated unit (Zechstein Supergroup, which is herein referred 
to as ‘salt’; Figs 1 and 2). This unit forms a major mechanical discontinuity across much 
of the central and southern North Sea Basin, and thickness and lithology variations within 
it are the key controls on the structural style variability described in this paper. The 
magnitude and orientation of extension during the Late Permian is poorly constrained. 
Sørensen et al. (1992) concluded there was minor activity on the basin-bounding fault 
systems during deposition of the salt, although research work suggests that remnant 
relief associated with Early Permian rifting may locally have controlled thickness and 
lithology distribution (Jackson and Lewis 2013). Irrespective of the mechanism that 
controlled the physiography of the Late Permian salt basin, relief across normal faults 
appear to have resulted in the deposition of thick, halite-dominated sequences in the 
Egersund Basin and Åsta Graben, and thin, carbonate- and anhydrite-dominated 
sequences on the surrounding fault-bound structural highs (e.g. Sele High, Stavanger 
Platform) (Sørensen et al. 1992). 
 
3.3.2. Triassic 
 
A relative fall in sea-level during the Triassic resulted in the establishment of subaerial 
conditions across much of the North Sea Basin, and exposure and dissolution of some of 
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the salt. The magnitude of Triassic extension and the role it played in controlling the 
basin geometry is unclear, although data we present below strongly suggest that the 
SHFS, and possibly other large, basin-bounding structures, were active during at least 
the middle to late Triassic. The distribution, thickness variations and seismic-stratigraphic 
architecture of the Triassic sequence clearly indicate that the salt began to flow at this 
time, probably in response to regional extension, resulting in the formation of a range of 
salt structures and minibasins (Sørensen et al. 1992; Jackson et al. 2013; Lewis et al. 
2013). A thick (up to 1500 m) non-marine succession was deposited across the North 
Sea Basin at this time (Smith Bank and Skagerrak formations; Figs 1B and 2) (Sørensen 
et al. 1992). 
 
3.3.3. Jurassic 
 
Formation of the North Sea Dome during the Early Jurassic resulted in the formation of 
the Mid-Cimmerian Unconformity, erosion of Triassic deposits, and the absence of Early 
Jurassic strata across much of the eastern North Sea Basin (Fig. 2) (Underhill and 
Partington 1993). The oldest Jurassic strata preserved in the study area are Middle 
Jurassic in age, and consist of non-marine (Bryne Formation) and shallow marine 
(Sandnes Formation) deposits, which unconformably overlie Triassic strata (Fig. 2) 
(Husmo et al. 2003). Rifting during the latest Middle Jurassic-to-Late Jurassic resulted in 
reactivation of the basin-bounding fault systems, supra-salt faulting and further growth of 
salt structures (Jackson and Lewis 2013). Increasing rates of fault-driven subsidence at 
this time resulted in the deposition of a fully marine, upward-deepening syn-rift 
succession (Egersund, Tau and Sauda formations) (Fraser et al. 2003). 
 
3.3.4. Cretaceous 
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Rifting continued into the Early Cretaceous and fault-driven subsidence, coupled with a 
eustatic sea-level rise, resulted in deepening of the basin and deposition of marine 
mudstone and marl (Cromer Knoll Group) (Glennie 1998). Extension ceased in the 
middle Cretaceous, and basin inversion occurred in the Late Cretaceous (Sørensen et al. 
1992; Jackson et al. 2013). Mild inversion resulted in the formation of fault-parallel 
buttress folds (Fig. 1B), and amplification and shortening of some of the large salt 
structures (Jackson and Lewis 2012; Jackson et al. 2013). Structures related to Late 
Cretaceous inversion are observed adjacent to the SHFS (see also Sørensen et al. 
1992), and manifest as minor hangingwall uplift and squeezing of diapiric salt structures 
directly above the fault system. The observation that inversion was mild, and that the 
shortening magnitude was low and accommodated mainly by folding and not major 
reverse reactivation of the basin-bounding faults is important, because it resulted in 
preservation of the original distribution of throw along the SHFS. 
3.4. DATASET AND METHODS 
 
This study utilises a 3600 km2, high quality, pre-stack time-migrated 3D seismic-reflection 
survey, which has a line spacing of 25 m, record length of 6.6 seconds, sample rate of 2 
ms, and a vertical resolution of c. 25 m at the interval of interest (based on an interval 
velocity of 4000 m/sec and peak frequency of 40 Hz) (Fig. 1A). These data are in time 
not depth, thus values of fault throw and dip are converted from millisecond two-way time 
(ms TWT) to metres using velocity data from nearby boreholes (the average Jurassic-to-
Permian interval velocity is c. 3000-4000 m/sec). Seismic data are displayed with SEG 
reverse polarity, where a downward increase in acoustic impedance is represented by a 
negative reflection event (red on seismic profiles) and a downward decrease in acoustic 
impedance is represented by a positive reflection event (blue on seismic profiles). Eleven 
boreholes, which contain electrical logs, composite logs and original well reports, were 
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used to constrain the age of mapped seismic horizons and lithology variations within the 
stratigraphic units they bound (Fig. 2). 
Seven key seismic horizons were mapped across the study area; the ages of 
these horizons were constrained by using synthetic seismograms, which allowed them to 
be tied to stratigraphic information in boreholes (Fig. 2). The top Rotliegend Group (top 
Lower Permian) and intra-Boknfjord Group (near top Jurassic) horizons define the sub-
salt and supra-salt structure of the SHFS, respectively. It should be noted that the 
package bound below and above by the top Hegre Group (top Triassic) and intra-
Boknfjord Group (near top Jurassic), respectively, is simply referred to as ‘Jurassic’ 
although it does not include the very thin, sub-seismic, Volgian-age Sauda Formation. 
The top Rotliegend Group and top Zechstein Supergroup (top Permian) horizon define 
the top and base of the key salt layer, respectively, and allow thickness variations in this 
unit to be mapped (Fig. 2). Along-strike variations in throw on the SHFS, which provide 
information on its growth history, and subsidence and uplift patterns in the footwall and 
hangingwall, respectively, were constrained by recording hangingwall and footwall cut-
offs for the Lower Permian (base-salt) seismic horizon and constructing a throw-distance 
(T-x) plot. Fault throw is here used as a proxy for fault displacement because we cannot 
constrain fault slip vector directly from the seismic data. Time-thickness maps (herein 
referred to as ‘isochrons’) of key stratigraphic units were used to highlight 
accommodation variations, which we relate to the combined effects of fault- and salt-
driven uplift and subsidence. Stratigraphic correlations between boreholes were used to 
constrain thickness and lithology variations in the key stratigraphic units, and to quality 
control thickness variations observed on isochron maps. 
3.5. SUB-SALT STRUCTURAL STYLE AND STRATIGRAPHIC CHARACTER 
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3.5.1. Sub-salt structural style 
 
The sub-salt structure of the SHFS is defined by the top Lower Permian seismic horizon 
(Figs. 2, 3A and 4). At this structural level, the SHFS is defined by a c. 50 km long, 
basement-involved, broadly N-S-striking, E-dipping normal fault system that defines the 
boundary between the Sele High, and the Egersund Basin and Åsta Graben (Fig. 1A). 
Towards the south, the fault system links with a broadly NW-SE-striking fault that bounds 
the western margin of the Sele High (not covered by the seismic data) (Fig. 1A). At top 
Lower Permian level, the fault has a maximum throw (c. 2 s TWT; 3000 m) just to the 
south of the mapped fault trace and throw on the fault decreases northwards towards its 
tip, where it is overlain by an E-facing monocline (Figs. 4A-B and 5). Throw also 
decreases southwards (to c. 1.5 s TWT; 2250 m), before the fault exits the area of 
seismic data coverage (Fig. 1A). As a result of these along-strike variations in throw, the 
footwall of the SHFS dips gently (2-3°) towards the W near the fault centre and towards 
the NW near the northern end of the fault (Fig. 3A). 
Four low-relief (250 ms TWT; 500 m), upright, open anticlines and synclines, 
whose axial traces are broadly perpendicular to the SHFS, are developed in the footwall 
of the SHFS (Figs. 3A and 4C). The anticlines and synclines die-out within 5 km of the 
SHFS and correspond to local throw maxima and minima respectively (Fig. 4A). Strata in 
hangingwall of the SHFS dip gently (3-4°) towards the W (Figs. 3A and 4A-B). Three 
anticlines and two synclines, whose axial traces are broadly perpendicular to the fault 
system, are developed within the immediate 5 km of the hangingwall; the syncline and 
anticline axes correspond to local throw maxima and minima, respectively (Fig. 4A and 
5). 
 
3.5.2. Sub-salt stratigraphic character 
 
267
The Lower Permian succession thickens westwards towards the SHFS (Fig. 4A-B). In 
the footwall of the fault system, the Lower Permian succession is thinnest (8 m; Well 17-
12-2) near the centre of the fault, where throw is greatest, and gradually thickens to the 
NNW and SSE towards the fault tips (Fig. 4E). The unit also abruptly thickens across a 
NNW-SSE-striking, ENE-dipping, moderate throw (c. 300 ms TWT; 450 m), sub-salt fault 
that is developed towards the northern end of the SHFS, and across a broadly E-W-
striking, low throw (c. 150 ms TWT; 225 m), sub-salt fault near the southern edge of the 
seismic survey (Fig. 4E). 
3.6. SALT DISTRIBUTION AND LITHOLOGY 
 
Present-day, the salt varies markedly in thickness and lithology adjacent to the SHFS. In 
the hangingwall of the fault system three salt structures are observed (Figs. 3B and 4). 
The first structure is represented by a N-S-trending, c. 10 km wide, >17 km long salt 
anticline, which has a relief of up to 500 ms TWT (1000 m) and is developed c. 15 km 
into the hangingwall of the fault system (labelled ‘X’; Fig. 3B and 4A-B). The upper 100 m 
of the salt anticline is penetrated by borehole 17/12-1R, which indicates that the upper 26 
m of the structure is composed of shale and anhydrite, whereas the lower 74 m (i.e. 
down to the base of the well) is dominated by halite (Figs. 6 and 7). The second structure 
is a N-S-trending, c. 3 km wide, at least 17 km long, broadly triangular salt wall, which is 
developed in the immediate hangingwall of the SHFS (labelled ‘Y’; Fig. 3B and 4A-B). 
This salt wall has maximum relief of 700 ms TWT (1400 m) and is widest (5 km) near to 
where throw on the SHFS is greatest, and diminishes in relief and width northwards 
towards the lateral fault tip (Fig. 3B). The salt anticline and wall described above are 
separated by a c. 5 km wide, apparent salt weld (sensu Wagner and Jackson 2011)); in 
this location the Triassic succession directly overlies the Lower Permian succession (Fig. 
4A-B). The third hangingwall salt structure is an E-W-trending, moderate relief (400 ms 
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TWT; 800 m), c. 2 km wide salt wall, which is underlain by a sub-salt, moderate throw 
(300 ms TWT; 600 m) normal fault (labelled ‘Z’; Figs. 3B and 4C-D. A high-relief (2000 
ms TWT; 4000 m) salt stock is developed at the eastern end of the wall and at its 
western end, the wall merges with the N-S-trending salt wall developed in the immediate 
hangingwall of the SHFS (see above). 
In contrast to the hangingwall of the SHFS, the footwall is characterised by an 
absence of high-relief salt structures, and an Upper Permian sequence that is very thin 
(58 m) and carbonate-dominated in the centre of the footwall; halite and anhydrite are 
absent (Figs. 6 and 7). From the centre of the footwall, the salt gradually thickens 
northwards (to c. 350 ms TWT; 700 m) and a series of E-W-to-NW-SE-trending, 
moderate relief (200 ms TWT; 400 m) salt walls are developed, which are located in the 
immediate footwalls of salt-detached faults (Figs. 3B and 4E). A c. 2.5 km diameter salt 
stock that extends up to 1000 ms TWT (1500 m) into the overburden is developed 
directly above the upper tip of the SHFS. This diapir terminates at the structural level of 
the top Cromer Knoll Group (top Lower Cretaceous) (Fig. 4A). 
 
3.7. SUPRA-SALT STRUCTURAL STYLE AND STRATIGRAPHIC CHARACTER 
3.7.1. Supra-salt structural style 
 
The supra-salt structure of the SHFS is best defined by a time-structure map of the top 
Jurassic seismic horizon (Figs. 2 and 3C). The upper tip of the SHFS is located within 
the salt (it is sub salt-restricted) and thus it does not form a through-going structure at 
this structural level (Figs. 3C and 4A-B). Instead, along the central part of the fault, where 
throw is greatest, Jurassic and Cretaceous strata are cross-cut by a narrow salt wall that 
directly overlies the upper fault tip (see above). Jurassic and Cretaceous strata onlap 
onto, are upturned against and dip gently (15°) eastwards away from the salt wall and 
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associated diapirs (Figs. 3C and 4A). Towards its northern tip, the SHFS is overlain by a 
c. 3 km wide, E-facing monocline that has a relief of 180 ms TWT (270 m) and is 
developed in Triassic and Jurassic strata; the monocline dies-out upwards and is absent 
above the middle Lower Cretaceous (Fig. 3C and 4B). 
A 5 km wide, N-S-trending synclinal basin, which is orientated parallel to the strike 
of the SHFS and is developed 2-4 km west of the hangingwall salt weld, defines the 
hangingwall of the basin-bounding fault at supra-salt level. The axial trace of this basin is 
located c. 5 km eastwards of the fault, and it is flanked to the east and west by the salt 
anticline and wall described above, respectively (Figs. 3C and 4A-B). The hangingwall 
basin is not continuous along strike, but is split into two sub-basins separated by a low-
relief (150 ms TWT; 225 m), E-W-trending anticline that links with a low-relief (80 ms 
TWT; 120 m) dome developed above the adjacent salt anticline to the east (Figs. 3C and 
4C). The major E-W-trending salt wall located at the southern edge of the seismic survey 
is overlain by a c. 5 km wide graben that is bound by series of inward-dipping, low-throw 
(100 ms TWT; 150 m) normal faults that detach downwards into the salt (Figs. 3C and 
4C-D). 
We recognise two main structural domains on the footwall of the SHFS. Towards 
the centre of the fault, where throw is greatest and the salt is relatively thin and 
carbonate-dominated, no deformation of the supra-salt cover is observed (Figs. 3C and 
4E). In contrast, at the northern end of the footwall, where throw is relatively low and the 
salt is relatively thick, a series of 3-5 km long, moderate throw (80-240 ms TWT; 120-360 
m), salt-detached faults are developed, which have upper tips located in the Lower 
Cretaceous succession (Figs. 3C and 4E). These faults strike E-W and dip northwards 
near the centre of the SHFS, and strike NNW-SSE and dip ENE near its northern tip; the 
faults thus dip parallel to the local dip of the sub-salt basement (cf. Fig. 3A with 3C). 
 
270
3.7.2. Supra-salt stratigraphic character 
 
The Triassic succession is tabular in the footwall of the SHFS, although relatively minor, 
structurally induced variations in thickness occur in association with the salt-detached 
fault array (Figs. 4E and 8A). Further eastwards, the Triassic succession markedly 
thickens across the SHFS (from 71 m to 1723 m; Figs. 6 and 8A) and, in the hangingwall 
of the SHFS, the seismic-stratigraphic architecture of the Triassic sequence varies both 
vertically and spatially with respect to the three main salt structures described earlier. We 
make three key sets of observations on the relationship between the detailed seismic-
stratigraphic architecture of the Triassic and the three, hangingwall salt structures: (i) salt 
anticline (marked ‘X’) - the lower part of the Triassic is broadly tabular (c. 350 ms TWT; c. 
425 m) across and has a conformable base with, the fault-parallel anticline (Figs. 3B and 
4A-B and D). The upper part of the Triassic is also tabular on the anticline flanks, but 
bulk thinning of the unit (from c. 700 ms TWT or c. 1050 m in the fault-parallel synclinal 
depocentre to c. 350 ms TWT or c. 425 m above the salt anticline) occurs, at least in 
part, due to erosion of its top beneath the Mid-Cimmerian Unconformity (Fig. 4A-B); (ii) 
fault-parallel salt wall (marked ‘Y’) - the lower part of the Triassic has a conformable 
contact with and is folded up against, the eastern margin of the fault-parallel salt wall. 
This unit thins westward toward the salt wall across a series of low-throw (<40 m), N-S-
striking normal faults that appear to detach downward into the salt; in the immediate 
hangingwall of the SHFS, the lower Triassic has a diapiric contact with the salt wall (Fig. 
4A-B). The upper part of the Triassic is divided into two sub-units; the lower one thickens 
across the underlying faults (unit marked ‘1’; Fig. 4A-B) whereas the upper one is not 
affected by the faults and is thickest immediately adjacent to the SHFS (unit marked ‘2’; 
Fig. 4A-B); and (iii) fault-perpendicular salt wall (marked ‘Z’) - the seismic-stratigraphic 
architecture of the Triassic sequence adjacent to the fault-perpendicular salt wall is 
similar to that described for the fault-parallel wall; the lower unit (marked ‘1’) is tabular 
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and faulted, whereas the upper (marked ‘2’) is unfaulted, and thins by stratigraphic onlap 
and stratal convergence towards the wall (Fig. 4C-D). A final key observation we make it 
that erosion beneath the Mid-Cimmerian Unconformity appears to be responsible for 
thinning of an otherwise tabular Triassic succession across the supra-salt monocline 
developed above the northern tip of the SHFS (Fig. 4B).  
 Jurassic strata do not change in thickness across the salt-detached normal 
faults developed in the footwall of the SHFS, and only weak thickening of the unit is 
observed northwards and southwards away from the point of maximum throw on the fault 
(Fig. 4E and 8B). The most prominent thickness change in the footwall occurs across the 
NE-SW-trending, NW-facing monocline (Fig. 4E). However, in a similar manner to the 
Triassic succession, the Jurassic succession thickens from the footwall (51 m) to the 
hangingwall (243 m) of the SHFS, although the magnitude of thickening is far less and 
the hangingwall depocentre has migrated c. 5 km westward towards the fault (Fig. 6; also 
compared Figs. 8A and B). Furthermore, thickness changes in the Jurassic succession in 
the hangingwall are far more subtle than those observed for the Triassic. For example, 
the Jurassic does not thicken as dramatically into the fault-parallel syncline, and it does 
not onlap or thin appreciably across the hangingwall salt wall or anticline (Figs. 4A-B and 
8B). Jurassic strata thin westward towards the E-facing monocline at the northern end of 
the SHFS (Fig. 4B). We also observe gradual southward thickening of Jurassic strata 
towards the major N-dipping fault developed toward the southern side of the fault-
perpendicular salt wall, although we note that this unit does not change in thickness 
across any of the S-dipping faults developed 2-4 km to the north (Fig. 4C-D). 
A key observation is that in the footwall of the SHFS, and in contrast to the 
Triassic and Jurassic sequences, the lower part of the Lower Cretaceous succession 
thickens across the constituent segments of the salt-detached normal fault array (Fig. 4E 
and 8C). The Lower Cretaceous succession also displays subtle thinning onto the 
eastern limb of the supra-fault fold at the north end of the SHFS (Figs. 4B and 8C), and 
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across a low-relief, E-W-trending fold developed in the hangingwall of the fault system, 
which splits the hangingwall depocentre into two sub-basins (Fig. 8C). Furthermore, 
subtle thinning of the Lower Cretaceous succession occurs across the hangingwall 
anticline (Figs. 4A-B and 8C). The most prominent change in thickness of the Lower 
Cretaceous succession in the hangingwall occurs in the south, adjacent to the fault-
normal salt wall, where the unit thickens by almost 100% (c. 850 ms to 1600 ms; 1275 m 
to 2400 m) towards the salt-detached fault that bounds the southern margin of the salt 
structure (Figs. 4C-D and 8B).  
 
3.8. TECTONO-STRATIGRAPHIC EVOLUTION OF THE SHFS 
 
We propose a five-stage model for the post-Late Permian evolution of the SHFS, with 
particular emphasis placed on: (i) the physiography of the fault-controlled basin margin 
during the Early Permian; (ii) the relationship between basin physiography, and the 
thickness and composition of the Upper Permian salt layer; and (iii) the style, distribution 
and orientation of supra-salt structures and, and their relationship to thickness and 
lithology variations in the salt (Fig. 9). 
 
3.8.1. Stage 1 (Early Permian) 
 
Early Permian rifting resulted in formation of the SHFS and the development of a WSW-
tilted half-graben (Fig. 9Ai). Subtle variations in throw along the SHFS, which are 
associated with fault-perpendicular folds (Fig. 5), suggest that development of the SHFS 
may have been associated with the propagation and linkage of at least two fault 
segments (e.g. Cartwright et al. 1995). Southward thinning of Lower Permian strata 
towards the footwall crest of the SHFS (Fig. 4E) suggests that differential footwall uplift 
occurred at this time in response to along-strike variations in throw (Fig. 9Bi). Along-
273
strike throw variations and differential footwall uplift resulted in strike-parallel extension, 
which was accommodated by the formation of at least one, sub-salt fault that had a strike 
broadly perpendicular to the SHFS (cf. Destro 1995; Schlische 1995; Roberts 1996; 
Stewart 2001); an Early Permian age for this structure is indicated by the seismic-
stratigraphic architecture of the Lower Permian succession, which thickens from its 
footwall to the hangingwall (Figs. 4E and 9Bi). 
 
3.8.2. Stage 2 (Late Permian) 
 
We interpret that rifting and growth of the SHFS continued into the Late Permian (Fig. 
9Aii). A corollary of this interpretation is that relatively thick salt in the hangingwall of the 
SHFS reflects syn-depositional movement of this structure, and not filling of pre-existing 
relief associated with Early Permian rift-related normal faulting; we recognise that 
subsequent salt flow strongly modified these primary thickness patterns, particularly in 
the hangingwall of the fault system (see later). Borehole data suggest that growth of the 
SHFS was also responsible for across-fault variations in salt lithology in addition to bulk 
thickness; for example, the Zechstein Supergroup is carbonate-dominated along at least 
the southern part of the footwall (i.e. 17/12-2), whereas it is halite-dominated in the 
hangingwall (i.e. 17/12-1R) (Fig. 7). We suggest that carbonate and marl were deposited 
in the footwall and hangingwall of the fault system, respectively, during periods of sea-
level highstand, whereas halite was deposited in the hangingwall, and exposure and 
karstification of footwall carbonates occurred during periods of sea-level lowstand (cf. 
Tucker 1991). An alternative interpretation is that across-fault changes in salt lithology 
and thickness represent a secondary, diagenetic effect, and results from the dissolution 
of halite and the relative enrichment of carbonate within the salt on the footwall, most 
likely during early Late Triassic exposure of the basin (cf. Clark et al. 1998). This 
interpretation suggests that: (i) little relief existed across the SHFS during the Late 
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Permian; (ii) Early Permian accommodation had been completely filled by Lower 
Permian sediment; and (iii) the Zechstein Supergroup was halite-dominated and of 
broadly equal thickness either side of the fault. This interpretation is, however, not 
consistent with borehole data, which indicate that the hangingwall succession contains 
almost no carbonate (17/12-1R; Fig. 7) and suggests that the footwall succession does 
not directly represent a carbonate-enriched version of the hangingwall succession. 
In addition to across-fault thickening of the salt, major along-strike changes in salt 
thickness and possibly lithology suggest that fault activity continued to be associated with 
along-strike variations in uplift and subsidence of the footwall and hangingwall, 
respectively. We suggest that differential uplift in the footwall resulted in an overall 
northward (i.e. downdip) transition from a relatively thin, less mobile, carbonate-
dominated succession at the footwall apex to a relatively thick, more mobile, halite-
dominated succession (Fig. 9Bii); a similar variation in thickness, lithology and hence 
mobility may also have characterised the hangingwall salt succession (Fig. 9Cii). We 
interpret that this along-strike change in thickness, lithology and mobility was the key 
control on along-strike variations in subsequent, supra-salt structural styles, especially in 
the footwall. 
3.8.3. Stage 3 (Triassic) 
 
Bulk thickening of the Triassic sequence across the SHFS may indicate that this 
structure was active throughout the Triassic. Furthermore, bulk thinning of the Triassic 
sequence towards the fault-parallel salt wall (‘Y’; Fig. 4A-B) may indicate passive, diapiric 
rise of salt, during the entire Triassic period; subsequent activity on the SHFS would then 
truncate the western flank of the salt wall (cf. Stewart et al. 1996; their fig. 6). However, 
these interpretations do not account for the following four observations: (i) the tabular 
geometry in the hangingwall of the lower part of the Triassic, which implies it was 
275
deposited prior to significant salt flow; (ii) the presence of middle-to-late Triassic age, N-
S-striking, salt-detached normal faults in the hangingwall of the SHFS, which are also 
responsible for structural rather than stratigraphic thinning of the lower Triassic towards a 
diapiric contact with the salt; (iii) the presence of clear, salt-related, stratigraphic onlap 
relationships only in the upper part of the Triassic, which indicates that salt flow and 
growth of the fault-parallel wall began in the late Triassic; and (iv) the lack of evidence for 
Triassic-age, salt-related deformation in the footwall in the SHFS. Furthermore, 
mechanical arguments presented by Hudec et al. (2009) indicate that salt is unlikely to 
spontaneously flow and rise in response to relatively low amounts of sedimentation-
driven, differential loading; this strongly suggests that salt flow adjacent to the SHFS, if 
driven solely by differential loading, is likely to have occurred during the latter part of the 
Triassic. 
Based on these observations and mechanical considerations we propose that the 
SHFS was inactive during the Early Triassic, and that the fault system and the salt were 
covered by a broadly tabular ‘roof’ of Triassic strata that was at least 600 m thick; this 
value is estimated based on the thickness of the tabular lower part of the Triassic in the 
hangingwall of the SHFS (not corrected for decompaction) (Fig. 4A-B). After Early 
Triassic tectonic quiescence, a third phase of rifting resulted in regional, basement-
involved extension of both sub- and supra-salt strata, and tectonic thinning of the Lower 
Triassic roof caused differential loading of the salt, which drove diapiric rise of salt within 
the fault-parallel wall (cf. Vendeville and Jackson 1992a; Jackson and Vendeville 1994; 
Dooley et al. 2005; Burliga et al. 2012). Salt in the wall was sourced from beneath the 
Triassic hangingwall depocentre to the east, and this eventually resulted in the formation 
of a fault-parallel weld when the minibasin-style depocentre touched-down on the sub-
salt Rotliegend Group (cf. Stewart et al. 1996; Pascoe et al. 1999; Withjack and Callaway 
2000; Richardson et al. 2005; Kane et al. 2010; Duffy et al. 2013). Fault- and salt-driven 
subsidence thus resulted in preservation of a relatively thick Triassic sequence in the 
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hangingwall of the SHFS; lower rates of subsidence and reduced accommodation in the 
footwall resulted in erosion of the Triassic roof during the late Triassic and possibly the 
Early-to-Middle Jurassic (i.e. along the Mid-Cimmerian Unconformity) (Fig. 9Aiii-iv). 
The seismic-stratigraphic architecture of the Triassic sequence adjacent to the 
fault-perpendicular salt wall (‘Z’; Fig. 4A-B) is similar to that observed adjacent to the 
fault-parallel wall; a broadly tabular, faulted lower unit is overlain by a wedge-shaped unit 
that thickens away from the wall. We therefore envisage a similar tectono-stratigraphic 
history for this structure; i.e. salt was initially overlain by a broadly tabular roof of Lower 
Triassic strata that was then extended in the Late Triassic, triggering diapiric rise of salt 
within the wall. However, the intra-Triassic faults and the salt wall strike broadly E-W 
(Fig. 3B-C), perpendicular to the SHFS and parallel to the inferred Late Triassic 
extension direction, implying that regional extension was not directly responsible for their 
development. We instead tentatively suggest that gentle northward tilting of the 
hangingwall towards the location of maximum throw and subsidence along the SHFS 
triggered thin-skinned extension and formation of the fault-perpendicular salt wall (Fig. 
9Ciii). 
 
3.8.4. Stage 4 (Jurassic) 
 
Slight thickening of Jurassic strata across the central part of the SHFS (Figs. 4A-B and 
8B) and along-strike away from the footwall crest and position of maximum throw (Figs. 
4E and 8B) both imply relatively minor movement on the fault at this time. Extension of 
the Triassic cover strata may have allowed reactive piercement and initial growth of the 
fault tip-attached salt wall (Fig. 9Aiv). Furthermore, basement-involved extension and slip 
on the SHFS caused in forced folding of Triassic strata, and formation of an E-facing 
monocline that was onlapped by Middle-to-Upper Jurassic strata (Fig. 9A). Jurassic 
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strata do not change in thickness across the salt-detached, footwall fault array, 
suggesting that these structures were still inactive (Fig. 9Biii). 
The Jurassic sequence thickens toward the E-W-striking, N-dipping, supra-salt 
fault developed toward the southern margin of the fault-perpendicular salt wall, indicating 
that this structure became active at this time. We suggest that this fault developed to 
accommodate the initial extensional collapse of the E-W-striking salt wall, resulting from 
continued N-S-orientated stretching of the Triassic supra-salt cover; salt expelled from 
beneath the E-W-trending half-graben flowed eastward into a structure located outside of 
the study area (Fig. 9Cv) (cf. Vendeville and Jackson 1992b). We infer that thin-skinned, 
N-S-orientated extension of the cover occurred due to ongoing northward tilting of the 
hangingwall towards the location of maximum throw and subsidence along the SHFS. 
 
3.8.5. Stage 5 (Early Cretaceous) 
 
Based on the observation that the upper tip of the SHFS is located within the salt and 
that Lower Cretaceous strata do not thicken across it, we interpret that the SHFS 
became inactive during the Early Cretaceous (Fig. 9Av). Subtle thickening of Lower 
Cretaceous strata into the fault-parallel minibasin (Figs. 4A-B and 8C) suggests 
continued salt withdrawal and subsidence; the development of two hangingwall sub-
basins at this time may reflect complex redistribution of the salt at depth, principally 
related to salt flow westward into structures developing above the tip of the SHFS or 
eastward into the salt anticline. Lower Cretaceous strata display abrupt, angular 
stratigraphic cut-offs against the fault tip-attached salt stock (Fig. 4A), suggesting that, 
after an initial period of tectonically induced reactive piercement during the Triassic-to-
Jurassic, the stock grew passively in response to sedimentary induced differential 
loading of the salt source layer by Lower Cretaceous deep-marine mudstone and marl 
(Fig. 9Av). 
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Thickness variations in Lower Cretaceous strata indicate that the supra-salt 
footwall fault array became active during the Early Cretaceous (Fig. 9Biv). At the apex of 
the footwall, where it was thin and carbonate-dominated, the salt was relatively strong 
and did not act as a décollement and no supra-salt faulting occurred. In contrast, along-
strike to the north and presumably south, where it was thicker and probably richer in 
halite, the salt acted as a décollement and thin-skinned, gravity gliding and extension 
occurred (Fig. 9Biv). The formation of supra-salt faults in this area triggered salt flow and 
resulted in the formation of a series of salt rollers (e.g. Brun and Mauduit 2009). We 
suggest that the thin-skinned fault array formed in response to north-westward tilting of 
the footwall, and gravity-gliding and extension of the supra-salt cover, which was 
explicitly linked to along-strike variations in throw along the SHFS and differential uplift of 
the footwall, which had been ongoing since the Early Permian (cf. Clausen and 
Korstgård 1996; Stewart et al. 1997). This interpretation is supported by the observation 
that the dip direction of the faults is parallel to the local dip direction of the basement. 
We interpret that the progressive northwards change in fault strike from E-W to 
NNW-SSE (Fig. 3C) is a direct consequence of throw variations along the underlying 
SHFS. At the fault centre, where throw is greatest, the footwall dips to the NNW and the 
fault thus strike broadly E-W due to the combined effects of footwall uplift, fault block 
rotation and the northwards decrease in throw. Towards the fault tip, however, where 
footwall uplift and westward rotation did not occur, forced folding above the blind upper 
tip of the fault resulted in formation of an E-facing monocline and development of supra-
salt faults that strike N-S to NW-SE (Fig. 3C). Along-strike variation in throw and the 
associated change in structural styles thus results in ‘cascading’ of the thin-skinned array 
around the fault tip (Fig. 3C). The upper tips of the supra-salt faults are located in the 
upper part of the Lower Cretaceous succession (Fig. 4E), indicating that the footwall fault 
array became inactive during the latter part of the Early Cretaceous. Fault array death 
likely reflects the cessation of basement-involved extension, faulting, and differential 
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footwall uplift and tilting; the observation that the salt is still relatively thick across the 
entire northern part of the footwall implies that fault death was not caused by a lack of 
salt supply related to source layer thinning and (apparent) welding (Fig. 4E). 
Southward expansion and thickening of the Lower Cretaceous sequence toward 
the N-dipping fault developed toward the southern side of the fault-perpendicular salt wall 
documents continued activity on this structure during the Early Cretaceous and, by 
inference, ongoing extensional collapse of the related salt structure (Fig. 9Cvi). Salt 
withdrawal and slip on the N-dipping fault caused rollover-related bending of the 
hangingwall and formation of an E-W-striking, S-dipping (i.e. antithetic) normal fault 
array; Early Cretaceous activity on these structures is documented by thickness changes 
in the Lower Cretaceous sequence. We infer that thin-skinned, N-S-orientated stretching 
of the hangingwall during the Early Cretaceous occurred due to ongoing northward tilting 
of the hangingwall towards the location of maximum throw and subsidence along the 
SHFS. 
 
3.9. DISCUSSION 
 
We have demonstrated that a close coupling between: (i) thick-skinned deformation 
patterns; (ii variations in the thickness and lithology of a salt detachment; and (iii) the 
distribution of thin-skinned deformation, can occur for a c. 180 Myr period of protracted, 
salt-influenced rifting. In this section we discuss the key implications of our study, with 
specific reference to: (i) the control of fault growth and basin physiography on thickness 
and lithology variations in salt; (ii) how salt and basement fault segmentation impact 
basement/cover fault relationships; (iii) the impact of salt structure growth and basement-
detached faulting on basin physiography in salt-influenced rifts; and (iv) the temporal 
relationship between basement-involved and basement-detached deformation. We also 
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highlight areas for future research that will help to underpin revised tectono-stratigraphic 
models for salt-influenced rift basins. 
 
3.9.1. Control of basin physiography on thickness and lithology variations in salt 
 
In the North and South Permian Basins, pronounced and rapid changes in salt thickness 
and lithology occur across basement-involved faults that may or may not breach the salt 
layer (see also Jenyon 1984; Pegrum and Ljones 1984; Ziegler 1989; Van der Baan 
1990; Penge et al. 1993 and 1999; Dickinson 1996). In most cases it is unclear, 
however, if these changes reflect; (i) filling of pre-Late Permian, rift-related relief (i.e. 
faulting is pre-salt); (ii) rift-related relief that developed during salt deposition (i.e. faulting 
is syn-salt); and/or (iii) relative enrichment of anhydrite and carbonate, due to either 
preferential post-depositional dissolution of halite (Stewart et al. 1997; Clark et al. 1998; 
Stewart 2007) or preferential expulsion of mobile halite from the source layer into 
adjacent salt structures (Wagner and Jackson 2011). Post-depositional salt flow can 
cause tectonically induced thickness changes. Our data clearly indicate the development 
of an Early Permian half-graben along the western margin of the Egersund Basin, which 
is strong evidence that the SHFS was active in the latest Palaeozoic (Fig. 9Ai). This 
observation suggests that, in this example, across-fault thickness and lithology changes 
in the Zechstein Supergroup (Figs. 4A-B and 6), which we already argued is unlikely to 
be related to post-depositional dissolution of halite, are thus likely the result of either 
filling of Early Permian, rift-related relief (i.e. faulting is pre-salt), or variations in water 
depth and accommodation driven by syn-depositional, Late Permian faulting (i.e. faulting 
is syn-salt) (Fig. 9Aii). However, we recognise that there may be regions in the North Sea 
Basin where significant and rapid changes in salt thickness and lithology variations are 
primarily due to post-depositional faulting and/or dissolution. 
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Due to the increasing availability of modern, high-quality, 3D seismic reflection 
data, we suggest that these data can be profitably applied elsewhere in the North Sea to 
better understand the controls on the physiography of the Permian Salt Basin in general, 
and the distribution of pre-Jurassic rifting in particular (Jackson and Lewis 2013). A key 
additional benefit of this type of analysis is that we may be able to gain a better 
understanding of how strain was shared between Permian-to-Triassic and Late Jurassic-
to-Early Cretaceous rift events in the North Sea Basin, which would compliment lower 
resolution methods (e.g. flexural backstripping and forward modelling) that have been 
applied to understand the rift-related strain history of the North Sea Basin (e.g. Roberts 
et al. 1995 and Christiansson et al. 2000). 
 
3.9.2. Impact of salt and basement fault segmentation on basement-cover fault 
relationships
 
The temporal (see below) and spatial relationship between ‘basement’ and ‘cover’ faults 
in salt-influenced rifts is complex due to the combined effect of basement fault 
segmentation and variations in salt thickness, lithology and hence mechanical properties 
(e.g. Edwards 1991; Geil 1991; Hodgson et al. 1992; Clausen and Korstgård 1996; 
Stewart et al. 1996 and 1997; Clark et al. 1998; Erratt et al. 1999; Stewart 2007; Duffy et
al. 2013). Most previous studies of salt-influenced rifts have utilized only relatively low-
quality, regional, 2D seismic reflection data, and could not therefore constrain the map-
view geometry or displacement distribution along faults within the basement-involved or 
basement-detached arrays. Furthermore, these studies failed to explicitly acknowledge 
or, due to a lack of borehole data, could not unequivocally demonstrate the impact that 
spatial variations in salt thickness, lithology and mechanical properties had on the 
distribution and evolution of basement-detached structures (see Geil 1991; Clausen and 
Korstgård 1996). Because of these limitations, the models derived from these studies are 
282
largely two-dimensional and predict that basement-detached faults typically strike sub-
parallel to and, in plan-view, should be distribution relatively evenly around the 
basement-involved faults.  
Where relatively closely spaced 2D (Stewart et al. 1997; 1998) or 3D (Richardson 
et al. 2005; Marsh et al. 2010) seismic reflection data are available, and where borehole 
data allow direct calibration of salt composition and thickness, a more complex picture of 
the relationship between basement-linked and -detached fault systems emerges. For 
example, Stewart et al. (1997) demonstrated that basement-detached faults can display 
a wide range of strike orientations, which reflects complex tilting of the salt detachment 
related to along-strike variations in displacement along underlying, segmented, 
basement-linked fault segments (see also Stewart et al. 1996 and Stewart 2007). 
Similarly, Clausen and Korstgård (1996) indicated that basement-detached normal fault 
segments in the Danish North Sea strike broadly perpendicular rather than parallel to the 
basement-involved fault systems, which may in part be related to throw variations and 
differential hangingwall subsidence along the basin-bounding structure. 
The studies described above, in combination with our observations from the 
SHFS, indicate that it is critical to explicitly include throw variations on basement-
involved normal fault systems when developing structural models for salt-influenced rifts. 
Throw variations result in non-uniform tilting of the salt detachment in both the footwall 
and hangingwall of the basement-involved, basin-bounding fault system and generation 
of basement-detached faults that may display a wide range of strike orientations. A key 
implication of this observation is that caution should be exercised when using the 
orientation of basement-detached faults to constrain the location and geometry of poorly 
imaged, sub-salt, basement-involved faults. Furthermore, because nucleation and growth 
of basement-detached faults is directly related to the presence and the gross 
composition of the ‘salt’ layer, it is critical to include spatial variations in salt thickness 
and lithology in structural models for salt-influenced rifts (see above). Even regionally-
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developed, salt-bearing lithostratigraphic units, such as the Zechstein Supergroup, may 
vary markedly in thickness, and these variations may be associated with relatively rapid 
changes in rock type and mechanical properties. The style and sequence of deformation 
in salt-influenced rifts is thus highly sensitive to the overall ‘mechano-stratigraphy’ (sensu 
Stewart 2007) of the upper crust. In addition to the conspicuous and abrupt changes in 
structural style that occur where salt pinches-out, more subtle changes may occur due to 
lithology changes within a seismically mappable salt layer. 
 
3.9.3. Impact of salt structure growth and basement-detached faulting on basin 
physiography 
 
The growth of salt structures in salt-influenced rifts is related to stretching of the sub-salt 
basement and supra-salt cover during regional extension (‘reactive diapirism’; Vendeville 
and Jackson 1992a). These structures are typically larger in the hangingwall than the 
footwall of basin-bounding fault systems because salt was originally thicker, more halite-
rich and thus more mobile in this location. The impact of salt flow on the geometry of 
hangingwall depocentres has been relatively well-studied using 3D seismic reflection 
datasets (Pascoe et al. 1999; Richardson et al. 2005; Marsh et al. 2010; Kane et al. 
2010; Duffy et al. 2013). These studies indicate that ovate, synclinal, fault-parallel 
depocentres, which are geometrically more similar to minibasins in true salt basins than 
true half graben, characterise the hangingwalls of fault systems that form the margins of 
salt-influenced rifts (cf. Fig. 9Aiii-v). The axes of these synclinal depocentres and hence 
maximum subsidence are not located immediately adjacent to the basin-bounding fault, 
but are typically offset several kilometres into its hangingwall. Furthermore, the 
depocentres are not only fault-bound, but are also delimited by salt walls and anticlines 
fed by salt withdrawn from beneath the deepening minibasin. A direct consequence of 
this unusual, coupled fault- and salt-driven basin physiography and subsidence patterns 
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is that the classic seismic-stratigraphic geometries that are traditionally used to 
discriminate between pre- (tabular) and syn-rift (wedge-shaped) are absent, making 
recognition of rift-related megasequences difficult (Duffy et al. 2013). 
In most previous studies of salt-influenced rifts the footwall structures and 
stratigraphy are either missing due to syn- to post-rift erosion (Duffy et al. 2013), very 
poorly-imaged (Kane et al. 2010), or have not been the focus of detailed analysis 
(Pascoe et al. 1999; Richardson et al. 2005; Marsh et al. 2010). A key benefit of our 
study is that, because of the modest amounts of uplift and an acoustically simple 
overburden, the footwall of the SHFS is exceptionally well-preserved and imaged, 
thereby allowing us to also consider the tectono-stratigraphic evolution of the basin in 
this location. Thin-skinned faults develop in this location and, during the latter stages of 
rifting, they bound small half-graben that have different trends depending on the local 
strike orientation of the bounding fault segment. This suggests that, due to the 
prevalence of gravity-driven deformation, strain may become more widely distributed with 
time and the basin physiography may become more complex; this directly contrasts with 
the predictions made by structural and tectono-stratigraphic models for salt-free rifts, 
which depict progressive localisation of strain and formation of relatively simple basin 
geometries between the rift-initiation and rift-climax (Cowie et al. 2000; Gawthorpe and 
Leeder 2000).  
 
3.9.4. Temporal relationship between basement-involved and basement-detached 
deformation
 
Spatial coupling of thick- and thin-skinned structures, as exemplified by the SHFS, is 
perhaps predictable given that gravity-driven deformation is closely related to the growth 
of basement-linked fault segments and tilting of the supra-salt cover. However, our 
analysis indicates that thick- and thin-skinned deformation may be more strongly 
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partitioned in time. For example, thin-skinned, gravity-driven deformation adjacent to the 
basin-bounding fault system initiated some c. 80 Myr after the main period of activity on 
the basement-linked fault system, during a period that is typically considered as ‘post-rift’ 
(Early Cretaceous; Sørenson et al. 1992). Similar observations have been made 
elsewhere in the North Sea, typically in association with a period of Triassic-to-Middle 
Jurassic, basement-involved rifting and Late Jurassic-to-Early Cretaceous thin-skinned 
extension (Clausen and Korstgård 1996; Stewart et al. 1997; Clark et al. 1998). Gravity-
gliding and the initiation of thin-skinned deformation may therefore occur sometime after 
the onset of basement-involved extension and, because it is sensitive to an overall 
reduction in relatively locally developed, gravitational effects and not true crustal 
extension, may persist for some time after the cessation of the basement-linked 
extension that triggered it. 
 
3.10. CONCLUSIONS 
 
We used 3D seismic reflection and borehole data from the Sele High Fault System 
(SHFS), offshore Norway to understand: (i) the control of fault growth and basin 
physiography on thickness and lithology variations in salt; (ii) how salt and basement 
fault segmentation impact basement/cover fault relationships; (iii) the impact of salt 
structure growth and basement-detached faulting on basin physiography in salt-
influenced rifts; and (iv) the temporal relationship between basement-involved and 
basement-detached deformation. The conclusions of our study are: 
 
1. Thickness and lithology variations in an Upper Permian salt layer (Zechstein 
Supergroup) are directly related to along-strike variations in displacement on the 
SHFS. At the centre of the footwall, where pre- or syn-Late Permian, rift-related 
displacement and hence footwall uplift on the fault was greatest, the salt is thin 
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and carbonate-dominated. Towards the fault tips, where uplift was low, and in the 
immediate hangingwall of the fault system, where subsidence was high, the salt 
layer is thick and halite-dominated.  
2. After a period of inactivity in the Early Triassic, regional extension occurred in the 
Late Triassic, causing tectonically induced differential loading and flow of the salt. 
A fault-parallel salt wall and weld developed in the immediate hangingwall of the 
fault system, and local basement tilting, caused by along-strike variations in 
displacement on the basin-bounding fault system, caused local extension of the 
cover and triggered growth of a fault-perpendicular salt wall. 
3. Relatively mild regional extension in the Jurassic resulted in forced folding of the 
Triassic sequence above the upper tip of the fault system and formation of a 
basinward-facing monocline. Continued extension of supra-salt strata in the 
hangingwall of the SHFS resulted in extensional collapse of the earlier-formed 
wall, and formation of a supra-salt fault system and associated half-graben. 
4. During the Early Cretaceous, a salt-detached normal fault array, which was 
restricted to areas of the footwall underlain by relatively thick, mobile salt, formed 
in response to basement-involved extension and tilting of the SHFS footwall; in 
contrast, at the centre of the footwall, no deformation occurred because the salt 
was thin and immobile. In the hangingwall of the fault system, continued 
extensional collapse of the fault-perpendicular wall caused growth of the half-
graben depocentre and bounding fault systems. 
5. The results of our study demonstrate close coupling between thick-skinned 
tectonics, depositional patterns in salt basins and the style of thin-skinned 
deformation for >180 Myr of the rift history. Furthermore, we show that rift basin 
tectono-stratigraphic models based on relatively megascopically homogeneous 
and brittle crust do not appropriately describe the range of structural styles that 
occur in and the physiography of salt-influenced rifts. 
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Fig. 1: (A) Simplified structure map illustrating the key tectonic 
elements within the study area, and the distribution and lithology of the 
Zechstein Supergroup (ZSG) evaporites. The 3D seismic reflection 
data coverage and top-hole locations of boreholes used to constrain 
the ZSG lithology and thickness distribution are shown. The study area 
is indicated by a black box with a thick outline (Figs 3 and 8). Inset map 
shows the geographical location of the study area. SHFS = Sele High 
Fault System. (B) Regional geo-seismic profile across the Jæren High, 
the Norwegian-Danish Basin (including the southern tip of the Sele 
High), the Egersund Basin and the Stavanger Platform (modified from 
Zanella and Coward 2003). Note the spatial relationship between salt 
structures, and thick-skinned, basement-involved/restricted and 
thin-skinned, cover-restricted normal faults. The approximate location 
of the study area on this regional profile is indicated. The location of 
the profile is shown in (A).
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Fig. 3: (A) Time-structure map (left) and interpretive sketch (right) of the top Rotliegend seismic horizon 
illustrating the geometry of the basement-involved, sub-salt restricted, Sele High Fault System (SHFS). The 
location of fault-perpendicular folds developed in the hangingwall and footwall of the fault system are 
marked. The locations of seismic profiles shown in Fig. 4 and borehole data shown in Figs 6 and 7 are 
indicated. (B) Time-thickness (isochron) map (left) and interpretive sketch (right) of the Zechstein 
Supergroup illustrating thickness variations and salt structures associated with post-depositional flow of this 
evaporite-dominated unit. X-Z refer to salt structures described in the text. (C) Time-structure map (left) and 
interpretive sketch (right) of the top-Jurassic seismic horizon illustrating the geometry of the thin-skinned, 
supra-salt restricted, normal fault array developed in the footwall of the SHFS. Structures in the hangingwall 
of the fault system are also indicated. 1-3 refer to thin-skinned faults described in the text. (D) Time-structure 
map (left) and interpretative sketch (right) of the top Lower Cretaceous seismic horizons, illustrating the 
geometry of the study area at this structural level. See Fig. 6 for the stratigraphic positions of all maps shown 
in this figure.
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Fig. 4: Seismic profiles (above) and geoseismic sections (below) illustrating the structural style of the SHFS; 
(A) an E-W-trending, fault-normal profile across the centre of the SHFS, where throw on the structure is 
relatively high and a salt structure is developed above the basement-restricted fault tip. This seismic profile 
intersects the two boreholes shown in Figs 6 and 7. (B) a NE-SW-trending, fault-normal profile across the 
northern tip of the SHFS, where throw on the structure is relatively low and the basement-restricted fault tip 
is overlain by a forced fold. This seismic profile intersects thin-skinned footwall at a relatively high-angle. (C) 
A N-S-trending profile located immediately adjacent and sub-parallel to, the SHFS. (D) A N-S-trending profile 
located c. 8 km into the hangingwall and sub-parallel to, the SHFS. (E) A N-S-trending profile in the footwall 
of and parallel to, the SHFS. X-Z and 1-3 refer to salt structures and thin-skinned faults described in the text, 
respectively. The locations of the seismic profiles are indicated on Fig. 3. The colour ornament for the main 
stratigraphic units is the same as that used in Fig. 2.
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The tectono-stratigraphic evolution of rifts is poorly understood because the structures 
and stratigraphy associated with this phase of rift development are typically deeply 
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buried beneath younger syn- and post-rift deposits and are thus: (i) poorly imaged on 
seismic reflection data; (ii) rarely penetrated by boreholes; and (iii) rarely or poorly 
exposed in the field. Improving our understanding of this phase of rift development is 
critical because relatively subtle, but poorly imaged structural and stratigraphic traps may 
develop along normal fault systems that bound the margins of petroliferous rifts.  
In this first part of a two part presentation we document the along strike variability 
in structural style that may occur along large, basin-bounding fault systems using field 
data from the Hadahid Fault System (HFS), Suez Rift, Egypt. A combination of regional 
uplift, which was achieved without post-rift shortening or reactivation of the basin-
bounding faults provide exceptional quasi-3D exposure and, because the study area is 
dissected by deeply incised wadis and is largely unvegetated, allows structural and 
stratigraphic features to be walked out both parallel to, and across, the main fault zones.   
Our data show that the c. 30 km long, NW-SE-striking, SW-dipping HFS is 
composed of eight, 3-7 km long, en-echelon fault-fold segments, which are either soft-
linked by relay ramps or hard-linked by oblique faults. An overall northward decrease in 
displacement on the HFS results in a surface-breaking fault and breached monocline in 
the south being replaced by an unbreached monocline above a blind fault tip in the north. 
However, superimposed on this relatively simple relationship between displacement and 
structural style is pronounced local variability, with unbreached monoclines being 
developed between breached monoclines. Detailed mapping in the immediate 
hangingwall and footwall of the fault system indicates that a range of secondary 
structures accommodated strain within the evolving fault-propagation folds, with small-
scale reverse and normal faults dominating hangingwall and footwall locations 
respectively. The magnitude and style of secondary deformation is controlled by the 
mechanical layering of the pre-rift stratigraphy, with faulting and fracturing occurring 
within sandstone- and carbonate-dominated units, and folding and layer-parallel slip 
characterising mudstone-dominated units. We suggest that along-strike variability in both 
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the large-scale structure of the fault system and the characteristics of the secondary 
structures may be controlled by lateral changes in; (i) displacement, geometry and 
propagation history of the main fault system; (ii) fault tip location with respect to the free 
surface at the onset of extension; and (iii) vertical and lateral changes in the mechanical 
stratigraphy of the overburden. Importantly, lateral changes in propagation-to-slip ratio 
between individual fault segments as they propagated to the surface, rather than the total 
displacement along the fault system, may be a key factor controlling the geometry and 
along-strike variability of fault-propagation folds.  
This study highlights the importance of fault segmentation and fault-propagation 
folding on the structural style of basin-bounding normal fault systems, and highlights the 
role that outcrop analogues play in reducing uncertainty in subsurface interpretations 
based on low-quality seismic reflection datasets. Furthermore, the style and sequence of 
fault-fold growth documented here clearly impacted the physiography of the developing 
basin, and should therefore have controlled the sedimentology and stratigraphic 
architecture of coeval, early syn-rift deposits; we explore this link between rift-initiation 
structure and stratigraphy in the second part of our two part presentation. 
 
 
310
5. VARIABILITY OF STRUCTURAL AND STRATIGRAPHIC TRAPS ASSOCIATED 
WITH EXTENSIONAL FAULT-PROPAGATION FOLDS (PART II) – SYN-RIFT 
STRATAL ARCHITECTURE AND FACIES VARIATION ALONG THE HADAHID 
FAULT SYSTEM, SUEZ RIFT, EGYPT 
 
Matthew M. Lewis1§
Paul S. Whipp1* 
Christopher A.-L. Jackson1 
Rob L. Gawthorpe2 
 
1Basins Research Group (BRG), Department of Earth Science & Engineering, Imperial College, 
Prince Consort Road, LONDON, SW7 2BP, UK 
2Department of Earth Science, University of Bergen, P.O. Box 7803, N-5020 Bergen, Norway 
§Present address: BP Exploration, Chertsey Road, Sunbury-on-Thames, MIDDLESEX, 
TW16 7LN, UK 
*Present address: Statoil ASA, Sandsliveien 90, Bergen, Norway 
email: matthew.m.lewis07@imperial.ac.uk 
 
The early growth of normal faults is typically associated with the development of fault-
propagation folds and the deposition of wedge-shaped syn-rift deposits that typically thin 
and onlap towards at-surface monoclinal growth folds. Stratigraphic traps may develop 
on the limbs of these growth folds; however, due to limited seismic resolution and sparse 
well data, the architecture, facies distribution and potential trap geometry of such early 
syn-rift plays are inherently difficult to constrain in the subsurface. 
To improve our understanding of the along-strike variability in structural style and 
the control that fault-related folding has on the stratal architecture and facies 
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development of early syn-rift deposits, we focus on exceptional, quasi-3D outcrop 
exposures of both late pre-rift and early syn-rift structures and associated stratigraphy on 
four of eight fault segments present along the c. 30 km long Hadahid Fault System 
(HFS), Suez Rift, Egypt. Field mapping indicate that the four segments are broadly 
defined by W-to-SW-dipping breached and un-breached monocline structures, and 
detailed sedimentary logging indicate that within the lowermost c. 30 m of early syn-rift 
succession an overall deepening-upwards motif is recorded. 
The identification of a regionally correlatable base syn-rift unconformity and two 
regionally correlatable flooding surfaces within the early syn-rift succession allows us to 
document the impact that along strike variations in the timing of fault-related folding had 
on early syn-rift stratal architecture and facies distributions. We recognise four key 
stages in the tectono-stratigraphic evolution of the HFS: (i) growth folding above only two 
of the four fault segments, which resulted in the deposition of wedge-shaped packages 
that thinned and onlapped onto at-surface monoclines; the onset of faulting and folding 
was coeval with a regional fall in base-level, which resulted in variable amounts of 
incision of monocline limbs and deposition of a fluvial-dominated succession; (ii) growth 
of only one of four fault-related folds, which was coeval with a base-level rise and the 
onset of shallow-marine conditions along parts of the system; differential accommodation 
generation led to along-strike facies variations, with fluvial-dominated deposits in the 
south passing northward into tide-dominated and local patch reef development in the 
north; (iii) activity along and growth folding above all four fault segments, which resulted 
in the development of syn-rift stratal wedges that onlap and thin towards the basin 
margin; a relative rise in base-level resulted in shallow-marine conditions becoming 
established across the entire fault system; and (iv) continued fault-related folding and 
local breaching of two of the four fault-fold segments; as a result, shallow marine syn-rift 
deposits adjacent to the two breached segments thicken and diverge towards the 
surface-reaching fault, which contrasts markedly to stratal geometries observed adjacent 
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to un-breached segments where syn-rift strata continued to onlap and thin towards the 
at-surface growth folds. This study highlights the control fault-propagation folding and 
changes in base-level can have on along-strike variations in the stratal architecture and 
facies development in early syn-rift reservoirs associated with forced fold-related 
stratigraphic traps. In addition, we demonstrate that value that well-exposed outcrop 
analogues can have when attempting to reduce subsurface uncertainty during 
hydrocarbon exploration and production in rifts.  
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Geometric and kinematic coherence are important aspects of the geometry and growth 
of normal fault arrays. However, there are relatively few studies that have investigated 
the role that kinematic coherency plays in the development of crustal-scale normal fault 
arrays that bound the margins of large rift basins. Furthermore, relatively little is known 
about the length-scale and timeframe over which kinematic coherence is maintained in 
extensional systems.  
In this study we focus on the Stavanger and Lista fault systems, Egersund Basin, 
offshore Norway, where high-quality 3D seismic reflection and borehole data allow us to 
constrain the geometry of and spatial relationships between rift-related faults and folds, 
and the role that an Upper Permian salt-bearing layer (Zechstein Supergroup) played in 
their development. We show that, where salt is absent in their footwall, the fault systems 
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are represented by a single, relatively planar, through-going normal fault that 
downthrows salt in its hangingwall. In these locations folding is absent and only limited 
deformation of the footwall is observed. In contrast, at the point where salt extends into 
their footwall, the fault system bifurcates and is characterised by: (i) a single, basement-
involved, sub-salt system that tips out upward within the salt and is overlain by a forced 
fold; and (ii) an array of supra-salt faults that strike oblique to the underlying sub-salt 
system, and whose location and strike is controlled by the position and trend of the 
footwall salt pinch out. Throw-distance (T-x) plots for the sub-salt system and supra-salt 
fault array indicate they display a similar overall pattern of throw, whereby local throw 
maxima and minima at sub-salt levels broadly correspond to those at supra-salt levels. 
Despite displaying a degree geometric coherency, seismic-stratigraphic observations 
and expansion indices (EI) plots suggest that the supra-salt restricted array was most 
active c. 20 Myr after the onset of activity on the basement-involved system. Rather than 
being the result of the incidental growth and linkage of physically and kinematically 
isolated segments, we suggest that the sub-salt system and the supra-salt fault array 
developed as part of a single, kinematically coherent, albeit strongly segmented fault 
system. Where salt is absent in the footwall, the fault is represented by a single brittle 
structure; in contrast, where salt is present in the footwall, the sub-salt system and supra-
salt array represent brittle portions of the fault system, with a ductile portion occurring 
within the salt. A particularly striking aspect of this interpretation is that kinematic 
coherency was maintained over several kilometres and for a considerable part (c. 50 
Myr) of the extensional event. This highlights thus highlights ability of salt to 
accommodate long-term and long-range transferral of ductile strains between brittle 
portions of large, basin-bounding fault systems. 
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7. SEISMIC SURVEY DATA – MC3D_EGB_2005 
 
Summary Information 
 
EBCDIC Text Header Encoding 
  
Big Endian byte order 
  
# Traces            : 8946795 
# Trace Samples     : 1251 
Sample Format       : 5 
                    : IEEE Float(32 bit) 
Sample Interval (uS): 4000 
Time Length         : 5000 
------------------------------------------ 
First trace SP      : 0 
First trace CDP     : 1 
First trace FFID    : 1144 
Last  trace SP      : 0 
Last  trace CDP     : 5335 
Last  trace FFID    : 2820 
 
Text Header 
 
C 1 SEGY OUTPUT FROM Petrel 2011.2 (64-bit) Wednesday, October 02 2013 10:37:19 
C 2 Name: Comb_MC3D-EGB2005 ãRealized… 1 Type: 3D seismic 
C 3 
C 4 First inline: 1144   Last inline: 2820 
C 5 First xline:  1      Last xline:  5335 
C 6 CRS: Undefined 
C 7 X min: 518442.64 max: 654308.69 delta: 135866.05 
C 8 Y min: 6363132.18 max: 6467913.62 delta: 104781.44 
C 9 Time min: -5002.00 max: 2.00 delta: 5004.00 
C10 Lat min: - max: - delta: - 
C11 Long min: - max: - delta: - 
C12 Trace min: -5000.00 max: 0.00 delta: 5000.00 
C13 General (template) min: -1430.01 max: 1855.14 delta: 3285.15 
C14 Amplitude (data) min: -1430.01 max: 1855.14 delta: 3285.15 
C15 Trace sample format: IEEE floating point 
C16 Coordinate scale factor: 1.00000 
C17 
C18 Binary header locations: 
C19 Sample interval             : bytes 17-18 
C20 Number of samples per trace : bytes 21-22 
C21 Trace date format           : bytes 25-26 
C22 
C23 Trace header locations: 
C24 Inline number               : bytes 5-8 
C25 Xline number                : bytes 21-24 
C26 Coordinate scale factor     : bytes 71-72 
C27 X coordinate                : bytes 73-76 
C28 Y coordinate                : bytes 77-80 
C29 Trace start time/depth      : bytes 109-110 
C30 Number of samples per trace : bytes 115-116 
C31 Sample interval             : bytes 117-118 
C32 
C33 
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C34 
C35 
C36 
C37 
C38 
C39 
C40 END EBCDIC 
 
 
8. WELL DATA* 
 
 
9/2-1  Location 
9/2-2  Location  
9/2-3  Location 
9/2-4 S  Location  
9/2-5  Location  
9/2-6 S  Location  
9/2-7 S  Location 
9/2-8 S  Location 
9/2-9 S  Location 
9/3-1  Location 
9/3-2  Location 
 
10/7-1  Location 
 
17/12-1 R  Location 
17/12-2 Location 
17/12-3 Location 
 
18/10-1 Location 
 
*Hyperlinked to: http://www.npd.no/en/ 
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